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PEEFACE 


I T had been intended that the present volume should complete 
the collected edition of Lord Kelvin’s Scientific Papei's It 
was soon found, however, that extensive omissions would be 
necessary in order to compress the remainmg papers into this 
space , and eventually it was decided to run on into a sixth volume, 
on the ground that material of inferior direct importance would 
bo valuable to the historical student in obtaining a view of the 
progress of knowledge. Thus it is mainly on this ground that 
the sub-section headed Electrical Contributions to Engmeenng 
Societies,” pp 641-695, consisting largely of excerpts from the 
reported discussions at the Society of Telegi’aph Engmeers,” 
now the “Institution of Electrical Engineers,” has been included 
in the reprint. There remain over for the sixth volume the later 
papem on Electrionic Theory and Kadio-activity, including cognate 
papers of the same period on Voltaic Phenomena, and also some 
supplementary matter. 

The present volume begins with a section on Thermodynamics 
in the wider sense of that term It has been thought desirable 
to reprint some matenal, in part controversial (cf pp. 1-10, and 
88-46), which Lord Kelvin had himself omitted in its own earlier 
connexion. Looking back, we can now recognize that there is 
ample room for all the illustrious names which are associated with 
the historical development of this subject, and that their inde- 
pendent efforts, when placed in full light of comparison, give a 
richer texture and a more human interest to the great funda- 
mental advance in our outlook upon nature with which they were 
concerned. 
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The next sub-group of papers is concerned with the principle 
of Dissipation of Energy and its relation to Dynamics. The first 
of the series, pp. 11“20, was read in Feb. 1874, not long after 
Maxwell’s exposition of the limitation of that principle to 
phenomena involving statistical aggregates {Theory of Heat, 1872, 
near the end), which he enforced by the invention of his ideal 
‘‘ demons ” such as would be competent to reverse the downward 
course of nature without requiring any compensation elsewhere 
In this paper the probability of the occurrence of a specified state 
of a molecular system appears in science, probably for the first 
tune, as a subject of calculation, it is illustrated by the working 
out of the problem of the relative probabilities of the various 
degrees of incomplete mixture that may occur in two gases per- 
vading the same space Three years later, in 1877, Boltzmann 
took the further step (in the Wiener Benchte, see Wissensohaftliche 
Abhandlungen, vol. ii. pp. 117, 165) of identifying the continual 
increase of the entropy with the continual progress of the system 
into more probable states, thus mitiatmg a point of view which 
plays a prominent part in recent thermodynamic developments. 
Lord Kelvin returned to this subject m 1879 m a popular discourse 
on The Sorting Demon of Maxwell,” pp 21-23 

In the next paper, of date 1898, the conception of the 
Motivity ” of a system — the energy Available ” or undissipated 
at each constant temperature, — after havmg been employed 
as early as 1855 to establish m a few words the whole physical 
theory of systems undergoing transformation at constant tempera- 
ture, is now at length formally developed as the appropriate basis 
of Thermodynamics, in its wider province which is concerned with 
dynamical phenomena involving variation of temperature. Mean- 
time the same subject had been developed by Willard Gibbs with 
masterly completeness from the side of Clausius’ idea of entropy. 
A note which analyses the mteraction of electric and thermal 
phenomena in voltaic contacts forms an application of this 
principle, 

Some very striking fragments (pp 47-66) on the physics of 
the structure of natural ice, and of hquid films, then follow, 
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vii 

ow reprinted from the Baltimore Lectures into a more suitable 
ontext. In regard to the early advance of thermodynamic ideas, 
;S developed m view of their connexion with special problems such 
LS the behaviour of ice and crystals under stress, interesting 
iistoncal material will appear in correspondence between Lord 
K^elvin and his brother, Prof James Thomson, well-known as the 
Dioneer in that subject, which is now prepared for publication in 
jhe collected Papers on Physics and Enginemng of the latter 
luthor. 

The remaining part of the section on Thermodynamics 
(pp, 64-133) IS occupied by papers of more special type, the 
nature of which will be seen from the Table of Contents. 

The following section (pp 134-283) on ^'Cosmical and Geological 
Physics” collects together the outstanding material on topics such 
as the age and rigidity of the Earth, its thermal history, the 
duration of the Sun's heat, and the formation of stars and nebulae. 
The section is made complete by the usual references to the papers 
on the same subjects which have been already published in the 
earlier volumes, , 

A main original aim of those cosmical papers, in which Lord 
Kelvin was followed up by Helmholtz, was to point out the 
limitations that physical principles must impose on the extreme 
uniformitarianism which was then in vogue in Geology. But later 
the complaint had become widely prevalent that in the hands of 
Lord Kelvin and the physicists the evolution of the terrestrial 
strata, and of the life of which they contain the evidence, had been 
hurried up too much. It has been thought well to reprint, in an 
Appendix, the heads of a discussion on this subject, which was 
initiated by Prof, Perry. 

The followmg section (pp. 284-368), under the general heading 
^'Molecular and Crystalline Theory,” begins with the papers in 
which Lord Kelvin drew concordant conclusions, from a wealth of 
very vanous physical phenomena, as to the degree of coarseness of 
structure in matter apparently continuous, — in fact as to the size 
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of molecules. The section goes on mto a senes of papers m which 
he developed the properties of homogeneous arrangements in 
space, with a view to the theory of crystals and their physical 
properties, includmg their electnc response to change of pressure 
or temperature. 

A general section on Electrodynamics aims at collecting what 
remains over of his electrical papers. It begins with some early 
notes now of historical interest, and with the papers on methods 
of measurement of resistance and on early forms of standard 
hattenes. As the stage of electrical engineering succeeded that 
of submarine telegraphy, the subject changes to the design of 
dynamos and the conditions for economy m electrical transmission. 
A group of papers follows on the screenmg of a region from 
electric or magnetic disturbances by metallic gratings, and, as 
already mentioned, the volume ends with contributions to dis- 
cussions at the Society of Electrical Engmeers. 

As m the previous volume, the care and experience of 
Dr George Green have been available in the correction of the 
proofs, while the admirable work and tbe methodical arrange- 
ments of the Cambridge XJmversity Press have much facihtated 
the handhng of the fragmentary material of which this volume 
largely consists. 


Cambeidge, 

Feh. 24, 1911. 


J. L. 
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86. On the Dissipation op Energy. By Prof. P. G. Tait. 

[From Philoiophtcal Magatine, Vol vn. May 1879, pp 344 — 346 ] 

To S%r W Thomson, F.RS. 

My dear Thomson, 

I address you aa one of the Editors of the Philosophical 
Magazine, but also specially as the first propounder of the doctrine 
of the Dissipation of Energy. I do so because Prof Clausius, in 
the second part of the new edition of his work on Thermodynamics, 
has challenged your claim to the well-known expression for the 
amount of heat dissipated in a n on-re versible cycle. I think that 
the time has come for you to speak out on the subject, so as, if 
possible, to prevent further unnecessary discussions. 

I shall endeavour, so far as I can, to keep to matters of 
scientific importance , but I must introduce the subject by a 
reference to the comments made by Prof. Clausius upon a some- 
what slipshod passage (§ l78) of my httle work on Thermodynamics. 
That passage refers to the integral 

/¥■ 

to which I believe Rankine first called attention, but which is 
essentially connected with your doctrine. 

I cannot altogether complain of Prof. Clausius’s comments, 
because I cannot account for my having called the above mtegral , 
(m the way m which I have employed it) a positive quantity, 
except by supposing that in the revision of the first proof of my 

K V. ^ 
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book I had thoughtlessly changed the word negative” to 
“positive.” This might easily happen from my having used a 
novel term, “practical value” m a somewhat ambiguous manner, 
at one place confounding it with “realized value ” That the whole 
section was meant to bear the construction forced on it by 
Prof. OlauBius is, I think, sufficiently disproved by its opening 
sentence, not to speak of the fact that no one m this country has 
so interpreted it. 

But there is a graver matter mvolved than any such mere 
slips of the pen, for Prof. Clausius asserts that the method I 
employ (and which I certainly obtamed from your paper of 1852) 
18 inappbcable to any but reversible cycles This, I think, is 
equivalent to denymg altogether your claims m the matter. I 
therefore quote the whole passage, correcting, however, the above- 
mentioned slip, and slightly extending the latter part to make 
my meaning perfectly clear. 

“ § 178. The real dynamical value of a quantity, dg, of heat is 
/dg, whatever be the temperature of the body which contains it. 
But the extreme practical value is only 



where t is the temperature of the body, and the lowest available 
temperature. This value may be written m the form 

JAq-JtM. 

t 

Hence, in any cychcal process whatever, if gi be the whole heat 
taken in, and go that given out, the practical value is 

Now the realized value is 

^ (?1 ? o ) 

by the first law; and if the cycle be reversible, this must be equal 
to the extreme practical value. Hence, m this particular case, 

/t-"- 

* On this formula Prof. ClauduB remarks, Die Unnolitigkeit dieses Resultates 
Iksst Bich leicht aus dem blossen Anbhoke der Pormel erkennea ” 1 
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s 


in general this integral has a finite negative value, because 
on-rcvcrsible cycles the realized value of the heat is always 
than 

^ (ffi ““ ?o) ““ ^ 

h is the extreme practical value. 

' Hence the amount of heat lost needlessly, i e rejected m 
SB of what is necessarily rejected to the rej&igerator for pro- 
ng work, IS 



[ IS Thomson’s expression for the amount of heat diss%pated 
ng the cycle {Ph/il Mag, and Ptog R 8, E, 1852, On a 
vorsal Tendency in Nature to Dissipation of Energy ”) It is, 
ourse, an immediate consequence of his important formula for 
work of a perfect engine. 

^ [It is very desirable to have a word to express the availability 
work of the heat xn a given magazine, a term for that pos- 
ion, the waste of which is called dissipation.] '' 


A.8 I based the greater part of the last chapter of my work on 
L' pipers, mainly because they appeared to me to be greatly 
jrior to all others on the subject in the three very important 
litics of simplicity, conciseness, and freedom from hypothesis, 
a anxious to know whether the above passage meets with your 
roval 


From Prof Clausius’s comments it appears, as I have already 
, tliat he considers the method I have adopted from you to he 
which cannot be applied except to TGVcvsiblG cycles, and. which, 
'efore, it is absurd to employ in any argument connected with 


ipation of energy. 


Prof Clausius also disputes the correctness of my reference to 
r paper in the Philosophical Magajs^ne, as containing the above 
ression for the heat dissipated. You ought to be a competent 


bority on such a question as this. 

I do not now reply to the many other remarks of Prof Clausius, 
ply because they refer to myself, my motives, and my hook, 
not to the principles or the history of seienw. As the matter 
ots you, however, I may mention that Professor Clftusins 
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attributes to me the real authorship of the paper on '^Eneigy'' 
■which we jomtly wrote for Good Words, and which has been often 
referred to m the FhilosopJmal Magazine, 

But the passage m brackets m the extract above indicates a 
want of proper nomenclature, which would, I think, be well met 
by the publication of the paper on Thermodynamic Motivity, read 
by you some years ago to the Royal Society of Edinburgh. 

Yours truly, 


38 George Square, Edinburgh, 
March VI th, 1879 


P. G. Tait. 


Note by Sir W. Thomson on the preceding Letter*. 

[From Phd, Mag Yol vn. May 1879, i)p 346 — 348 , Journ, de Phys 
Yol vin 1879, pp 236, 237] 

The passage quoted, with amendments, by Professor Tait from 
his Th&i'modynamios, seems to me perfectly clear and accurate. 
Taken in connexion with the sections which preceded it in the 
original, its meaning was unmistakable , and a careful reader could 
have found httle or no difficulty in making for himself the neces- 
sary corrections with which Professor Tait now presents it It is 
certainly not confined to reversible cycles , but, on the contrary, it 
gives an expkcit expression for the amount of energy dissipated, 
or, as I put it, “ absolutely and irrecoverably wasted,^' in operations 
of an irreversible character. My ongmal article On a Umversal 
Tendency m Nature to the Dissipation of Mechanical Energy,'* 
commumcated to the Royal Society of Edinburgh in April 1852, 
and published in the Proceedings of the Society for that date, and 
republished m the Philosophical Magazine for 1862, second half- 
year f, IS a sufficient answer to the challenge referred to in the 
opening sentence of Professor Tait's letter, 

I think Professor Tait quite right in referring also to that 
paper for the formula /dg/^. The whole matter is contamed in 

* [Of the histonoal aooount of Lord Kelyiu’s thermodynamac activity, drawn 
up without knowledge of this Note, contained in the Obitnary Notice, Proc, Pfiy, 
Soc. Yol, XiXXjg, (1968), pp. xxix — xliv] 

+ (Math and PJws Pavers Yol i on 611 — 614 1 
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rmula we , which is given explicitly in that paper, 

i top of the next pn-ge in the Philosophical Magazine reprint 
llowing passage occurs^ — ''If the system of thermometry 
‘d be such that fjL — Jl(t ^ a), that is, if we agree to call 
a the temperature of a body, for which ^ is the mine of 
t’s function (a and J being constants), &c ” , and on the 
adopted ’’ the following footnote is given " According to 
•'s 'hypothesis’ this system coincides with that m wWh 
differences of temperature are defined as those with which 
me mass of air under constant pressure has equal differences 
ame, provided J be the mechanical equivalent of the thermal 
ind 1/a the coefficient of expansion of air.” Here the true 
ation of the absolute thermodynamic scale now universally 
ed was, I believe, for the first time given. I had previously, 
"t III. of my " Dynamical Theory of Heat,” published in the 
actions of the Royal Society of Edinburgh, and in the Philo- 
ul Magazine for 1852, second half-year f, taking advantage of 
jestion made to me by Joule, in a letter of date December 9, 
shown that the assumption /jb^Jj{a + t) reduces the formula 

to w (a + T)l(a -f S) • and I used this transformation in 
oncluding formuhis of the article referred to by Professor 
(corrected in the errata of PhiL Mag, 1863, first half-year), 
s not, however, until the experiments by Joule and myself, 
m the course of the years 1852, 1863, and the early part of 
on the thermal effects of forcing air and other gases through 
is plugs, had proved that my proposed thermodynamic scale 
d as nearly with Iho scale of an air-thermometer eis different 
lermometers agreed with one another, that I definitively 
;od it in fundamental formulas of thermodynamics. Thus, 
xample, in Part VI. ("Thermo-electric Currents”) of my 
lamical Theory of Heat,” published in the Transactions of 
loyal Society of Edinburgh for May 1854, and in the Philo- 
cal Magazine for 1866, first half-year}:, the formula 




0 


ren as an equivalent for 
2«t - Sat 





+ rrn^ n ftfi7 1 
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which was first published in the Proceedings of the Royal Society 
of Edinburgh for 1861, and Phih Mag 1852, first half-year*. Tait 
had actually quoted the fonnula from my 1854 paper in § 176 of 
his book, and so left absolutely no foundation for Professor Clausius' 
objection to his saying '^This is Thomson's expression &c quoted 
in his letter above 

As to the Good Words article on “Energy" which appeared under 
our joint names, Professor Tait and I are equally responsible for 
its contents I claim my full share of the “ scientific patriotism " 
commended in that article, and cannot assent to Professor Clausius' 
giving all the credit of it to Professor Tait. 

In comphance with the concluding sentence of Professor Tait's 
letter, I hope m the course of a few days to write out, and send to 
the Philosophical Magazine for publication, a short statement of 
the commumcation on “ Thermodynamic Motivity " which I made 
mvA voce to the Royal Society of Edinburgh on April 3rd, 1876 


On Thermodynamic Motivity. 


[Prom Fhilosopliical Magazine^ VoL vn May 1879, pp. 348—352., 
repeated from Math and Phys Paper Yol i pp 456 — 459.] 

After having for some years felt with Professor Tait the want 
of a word “ to express the Availability for work of the heat in a 
given magazine, a term for that possession the waste of which is 
called Dissipation"!, I suggested three years ago the word 
Motinty to supply this want, and made a verbal commumcation 
to the Royal Society of Edmburgh defining and illustratmg the 
application of the word , but ets the communication was not given 
in wnting, only the title of the paper, “ Thermodynanuc Motivity," 
was pubhshed, In consequence of Professor Tait's letter to me, 
published in the present Number of the Philosophical Magazine, 
I now offer, for publication m the Proceedings of the Royal Society 

* [Log Git p 317 ] 

a, 4.)_ mi _ t „ _ 
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of Edinhitrgh and in the Philosophical Magazine^ the following 
3horb abstract of the substance of that communication. 

In my paper “On the Kestoration of Energy from an Un- 
equally Heated Space/’ published in the Philosophical Magazine 
in January 1863^, I gave the following expression for the amount 
of “ mechamcal energy ” derivable from a body, J?, given with its 
different parts at different temperatures, by the equalization of 
the temperature throughoub bo one common temperature f T, by 
means of perfect thermodynamic engines, 

t 1 r 

W-=jjJJdxd^dz ( 1 ), 

where t denotes the temperature of any point x, y, z of the body, 
’ the thermal capacity of the body’s substance at that point and 
3hat temperature, J Joule’s equivalent, and Caimot’s function of 
bhe temperature t. 

Further on m the samo paper a simplification is introduced 
jhus — 

“ Let the temperature of the body be measured according to 
m absolute scale, founded on the values of Oaimot’s function, and 
expressed by the following equation, 


* ILoc, ciU pp. 664 —668.] 

t In the present article I snppOHO this temperature to bo the given temperature 
)f the medium in which J? is placed ; and thermodynamic engines to work with 
.hoir reoipient and rejeotant organs reBpeotively iu connexion with some part of B 
it temperature t, and tho endless surrounding matter at temperature T In the 
)nginal paper this supposition is introduced subordmately at the conclusion The 
jhief purpose of the paper was the solution of a more difdoult problem, that of 
inding the value of a kind of average temperature of B to fulfil the condition 
hat the (luantities of heat rejected and taken m by organs of the thermodynamic 
jngines at temperature T are e^uah The burden of the problem was tho evaluation 
)f this thermodynamic average; and I failed to remark that when the value which 
he solution gave for T is substituted in the formula of the text it reduces to 

r j I j dxdyde edt^ which was not instantly obvious from the analytical form 

>f my solution, but which we immediately see must be the case by t h i nk i n g of the 
ihyaioal meaning of the result ; for the sum of the excesses of the heats taken in 
hove those rejected by all the engines must, by the first law of thermodynamics, 
>e equal to the work gained by the supposed process. This important simplification 
7 as first given by Professor Tait in his TheriwdyfMinxcs (first and second editions). 
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■where a is a constant which may have any value, but ought to 
have for its value the reciprocal of the expansibility of air, in 
order that the system of measunng temperature here adopted 
may agree approximately with that of the air-thermometer. 
Then we have 




t d 


( 2 )” 


It was only to obtain agreement with the zero of the ordinary 
Centigrade scale of the air-thermometer that the a was needed ; 
and m the jomt paper by Joule and myself, published in the 
Transactions of the Royal , Society (London) for June 1864, wo 
agreed to drop it, and to define temperature simply as the reciprocal 
of Carnot’s function, with a constant coefficient proper to the unit 
or degree of temperature adopted. Thus definitively, in equation 
(6) of § 5 of that paper, we took t^Jjfi, and have used this 
expression ever smce as the expression for temperature on the 
arbitrarily assumed thermodynamic scale. With it we have 

( 3 ); 

and by substitution (1) becomes 

W'=jjJJda!dydsJ'^cdt(^l-j'j (4). 

Suppose now B to be surrounded by other matter all at a common 
temperature T The work obtainable firom the given distribution 
of temperature m .B by means of perfect thermodynamic engines 
18 expressed by the formula (4) If, then, there be no circum- 
stances connected with the gravity, or elasticity, or capillary 
attraction, or electricity, or magnetism of B in virtue of which 
work can be obtained, that expressed by (4) is what I propose to 
caU the whole Motivity of B m its actual circumstances. If, on 
the other hand, work is obtainable from B in virtue of some of 
these other causes, and if V denote its whole amount, then 

iHa=F-i- W (5) 

IS what I call the whole Motivity of 5 in its actual cireiiTu<,fnT,^«c 
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We may imagine the whole Motivity of B developed m an 
ifinite variety of ways. The one which is obvious from the 
)rmula (5) is first to keep every part of B unmoved, and to take 
11 the work producible by perfect thermodynamic engines equall- 
ing its temperature to T ; and then keeping it rigorously at this 
amperature, to take all the work that can be got from it elastically, 
ohesively, electrically, magnetically, and gravitationally, by lettmg 
; come to rest unstressed, diselectnfied, demagnetized, and in the 
)west position to which it can descend. But instead of proceeding 
1 this one definite way, any order of procedure whatever leading 
the same final condition may be followed , and, provided nothing 
j done which cannot be undone (that is to say, in the techmeal 
inguage of thermodynamics, provided all the operations be 
eversible), the same whole quantity of work will be obtained in 
assmg from the same initial condition to the same final condition, 
diatever may have been the order of procedure. Hence the 
lotivity IS a function of the temperature, volume, figure, and 
iroper independent variables for expressing the cohesive, the 
lectric, and the magnetic condition of B, with the gravitational 
lotential of B simply added (which, when the force of gravity is 
ensibly constant and in parallel lines, will be simply the product 
f the gravity of B into the height of its centre of gravity above 
bs lowest position). So also is the Energy of a body B (as I first 
lointed out, for the case of i? a fluid, in Part V, of my Dynamical 
’’heory of Heat,*' in the Transactions of the Royal Society of 
iJdinhiLvgh for December 15, 1851, entitled, the Quantities 
f Mechanical Energy contained in a Fluid in Different States as 
0 Temperature and Density Consideration of the Energy and 
ho Motivitiif m two functions of all the independent variables 
pecifying the condition of B completely in respect to temperature, 
lasticity, capillary attraction, electricity, and magnetism, leads in 
ho simplest and most direct way to demonstrations of the theorems 
egarding the thermodynamic properties of matter which I gave 
n Part III. of the “ Dynamical Theory of Heat ” (March 1861) ; in 
^art VI, of Dynamical Theory, Thermoelectric Currents " (May 1, 
864) ; in a paper in the Proceedings for 1858 of the Royal Society 
if London, entitled, » On the Thermal Effect of Drawing out a 
^'ilm of Liquid** ; and in a communication to the Royal Society of 
(Prnr BSE 1869— T0\ On the Equilibrium of 
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the Thennoelastic and Thermomagnetic Properties of Matter,” m 
the first) number of the Quarterly Journal of Mathematics (April 
1855) ; and m short articles m NichoVs Gyclopcedia, under the 
titles “ Thermomagnetism, Thermoelectricity, and Pyroelectricity,” 
put together and republished with additions m the Philosophical 
Magazine for January 1878, under the title ‘'On the Thermo- 
elastic, Thermomagnetic, and Pyroelectnc Properties of Matter.” 

It would be beyond the scope of the present article to enter 
in detail into these applications, which were merely indicated m 
my communication to the Royal Society of Edinburgh of three 
years ago, as a very short and simple analytical method of settmg 
forth the whole non-molecular theory of Thermodynamics. 



>6 The Kinetic Theory of the Dissipation op Energy 


rom Edinh Ro^ Soc Proc Yol viii. 1875, pp 326—334 [read Feb 16, 
1874] j NaUire, Yol. :x. April 9, 1874, pp 441—444 , Phil Mag Yol 
XXXHX. March 1892, pp. 291—299.] 

In abstract dynamics the instantaneous reversal of the motion 
‘ every moving particle of a system causes the system to move 
ickwarcls, each particle of it along its old path, and at the same 
)eed as before, when again m the same position. That is to say, 
I mathematical language, any solution remains a solution when 
IS chtinged into —t. In physical dynamics this simple and 
erfect reversibility fails, on account of forces depending on 
iction of solids , imperfect fluidity of fluids ; imperfect elasticity 
' solids , inequalities of temperature, and consequent conduction 
heat produced by stresses in solids and fluids, imperfect 
lagnetic rotentiveness; residual electric polarization of dielectrics, 
eneration of heat by electric cuiTents induced by motion; diffusion 
' fluids, solution of solids in fluids, and other chemical changes , 
id absorption of radiant heat and light. Consideration of these 
joncies in connexion with the all-pervading law of the conserva- 
on of energy proved for them by Joule, led me twenty- three 
ears ago to the theory of the dissipation of energy, which I 
immunicated first to the Royal Society of Edmbiirgh m 1852, 
1 a paper entitled “ On a Universal Tendency m Nature to the 
bsaipation of Mechanical Energy," 

The essence of Joule’s discovery is the subjection of physical 
henomena to dynamical law. If, then, the motion of every 
article of matter in the universe were precisely reversed at any 
istant, the course of nature would be simply reversed for ever 
her. The burstmg bubble of foam at the foot of a waterfall 
'ould reunite and descend into the water ; the thermal motions 

’ -L - nl- .i.'U.vmvTT 4-1 b a wkocici nVi ■foil 
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which had been generated by the friction of solids and dissipated 
by conduction, and radiation with absorption, would come again 
to the place of contact, and throw the moving body back against 
the force to which it had previously yielded Boulders would 
recover from the mud the matenals required to rebuild them into 
their previous jagged forms, and would become reumted to the 
mountain peak from which they had formerly broken away. And 
if also the matenalistic hypothesis of life were true, living creatures 
would grow backwards, with conscious knowledge of the future, 
but BO memory of the past, and would become again unbom. 
But the real phenomena of life infinitely transcend human science, 
and speculation regarding consequences of their imagined leversal 
is utterly unprofitable Far otherwise, however, is it in lespect 
to the reversal of the motions of matter unmfluenced by life, a 
very elementary consideration of which leads to the full expla- 
nation of the theory of dissipation of energy. 

To take one of the simplest cases of the dissipation of energy, 
the conduction of heat through a solid — consider a bar of metal 
warmer at one end than the other, and left to itself. To avoid 
all needless complication of taking loss or gam of heat into 
account, imagine the bar to be varnished with a substance im- 
permeable to heat For the sake of definiteness, imagine the 
bar to be first given with one-half of it at one umfoim temperature, 
and the other half of it at another uniform temperature Instantly 
a diffusion of heat commences, and the distribution of temperature 
becomes continuously less and less unequal, tending to perfect 
uniformity, but never in any finite time attaining perfectly to 
this ultimate condition This process of diffusion could be per- 
fectly prevented by an army of Maxwells ^intelligent demons*,” 
stationed at the surface, or interface as we may call it with 
Professor James Thomson, separatmg the hot from the cold part 
of the bar To see precisely how this is to be done, consider 
rather a gas than a solid, because we have much knowledge 
regarding the molecular motions of a gas, and little or no know- 
ledge of the molecular motions of a solid. Take a jar with the 
lower half occupied by cold air or gas, and the upper half occupied 

* The definifaon of a demon, according to the n6e of this word by Maxwell, is an 
intelligent being endowed with free-will and fine enough tactile and perceptive 
organization to give him the faculty of observing and influencing individual 
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jh air or gas of the same kind, but at a higher tempeiature ; 
i let the mouth of the jar be closed by an air-tight lid. If the 
itaimng vessel were perfectly impermeable to heat, bhe diffusion 
heat would follow the same law in the gas as in the solid, 
nigh in the gas the diffusion of heat takes place chiefly by the 
fusion of molecules, each taking its eneigy with it, and only to 
small proportion of its whole amount by the interchange of 
ergy between molecule and molecule, whoieas in the solid there 
little or no diffusion of substance, and the diffusion of heat 
kes place entirely, or almost entirely, through the communication 
energy from one molecule to another. Fourier’s exquisite 
athematical analysis expresses perfectly the statistics of the 
ocess of diffusion m each case, whether it be conduction of 
iat,” as Fomier and his followeis have called it, or the diffusion 
substance in fluid masses (gaseous or liquid), which Fick 
Lowed to be subject to Fourier’s formulas. Now, suppose the 
eapon of the ideal army to be a club, or, as it wore, a molecular 
icket bat, and suppose, for convenience, the mass of each 
imon with his weapon to be several times greater than that 
' a molecule. Every time he strikes a molecule he is to send it 
vay with the same energy as it had immediately before Each 
smon is to keep nearly as possible to a certain station, makmg 
nly such excursions from it as the execution of his ordei’s requires. 
Ce is to experience no forces except such as result from collisions 
ith molecules, and mutual forces between parts of his own mass, 
icluding his weapon. Thus his voluntary movements camiot 
ifluence the position of his centre of gravity, otherwise than by 
reducing colhsion wibh molecules. 

The whole interface between hot and cold is to be divided 
ato small areas, eaoh allotted to a single demon. The duty of 
ach demon is to guard his allotment, turning molecules back, or 
illowing them to pass through from either side, according to 
lertoin definite orders First, let the orders be to allow no 
nolecules to pass from either side. The effect will be the same 
IS if the interface were stopped by a barrier impermeable to 
natter and to heat. The pressure of the gas being by hypothesis 
^qual in the hot and cold parts, the resultant momentum taken 
oy each demon from any considerable number of molecules will 
be zero ; and therefore fre may so time his strokes that he shall 
rkntrni. mnirft fn antr P'OTifliderable distance from his station. Now, 
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instead of stopping and turning all the molecules from crossing 
his allotted area, let each demon permit a hundred molecules 
chosen arbitrarily to cross it from the hot side, and the same 
number of molecules, chosen so as to have the same entire amount 
of energy and the same resultant momentum, to cross the other 
-way from the cold side. Let this be done over and over again 
'withm certam small equal consecutive intervals of time, with care 
that if the specified balance of energy and momentum is not 
exactly fulfilled in respect to each successive hundred molecules 
crossing each way, the error will be carried forward, and as nearly 
as may be corrected, in respect to the next hundred. Thus, a 
certam perfectly regular diffusion of the gas both ways across the 
interface goes on, while the original different temperatures on the 
two sides of the mterface are mamtamed without change. 

Suppose, now, that m the onginal condition the temperature 
and pressure of the gas are each equal throughout the vessel, and 
let it be required to disequahze the temperature, but to leave the 
pressure the same m any two portions A and B of the whole 
space. Station the army on the mterface as previously described. 
Let the orders now be that each demon is to stop all molecules 
from crossing his area m either direction except lOO coming from 
J., arbitrarily chosen to be let pass into 5, and a greater number, 
havmg among them less energy but equal momentum, to cross 
from B io A, Let this be repeated over and over again. The 
temperature m A will be contmually dimmisbed and the number 
of molecules m it continually mcreased, until there are not in B 
enough of molecules with small enough velocities to fulfil the 
condition with reference to permission to pass from B A, If 
after that no molecule be allowed to pass the mterface in either 
direction, the final condition will be very great condensation and 
very low temperature in A ; rarefaction and very high temperature 
in and equal pressures m A and 5. The process of dis- 
equalization of temperature and density might be stopped at any 
time by changing the orders to those previously specified, and so 
permitting a certain degree of diffusion each way across the 
interface while maintammg a certain uniform difference of 
temperatures with equality of pressure on the two sides 

If no selective influence, such as that of the ideal demon,'* 

nrmrl/ici nnrIlT71lInfll mnlppnlpH I-Ra nVA-raorA roanlf a-P+Iiati» mr\-htr\r\a 
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d collisions must be to equalize the distribution, of energy 
long them in the gioss, and after a suflSciently long time, 
►m the supposed initial airangement, the difference of eneigy 
any two equal volumes, each containing a very great number 
molecules, must bear a very small proportion to the whole 
lount in either, or, more strictly speaking, the probability of 
0 difference of energy exceeding any stated finite proportion of 
0 whole energy in either is very small Suppose now the 
mperaturo to have become thus very approximately equalized 
a certain time from the beginning, and let the motion of every 
rticle become instantaneously reversed. Each molecule will 
brace its former path, and at the end of a second interval of 
ne, equal to the formei, every molecule will be m the same 
'sition, and moving with the same velocity, as at the begmning ; 
that the given initial unequal distnbution of temperature will 
,ain bo found, with only the difference that each particle is 
oving in the direction reverse to that of its initial motion. This 
ff ercnce will not prevent an instantaneous subsequent commence- 
ent of equalization, which, with entirely different paths foi the 
dividual molecules, ^vlll go on in the average accordmg to the 
mo law as that which took place immediately after the system, 
xs first left to itself. 

By merely looking on crowds of molecules, and reckonmg their 
lergy in the gross, we could nob discover that in the very special 
se we have just considered the progress was towards a succession 
‘ states, in which the distribution of energy deviates more and 
ore from uniformity up to a certain time. The number of 
olccules being finite, it is clear that small fimte deviations from 
isolute precision in the reversal we have supposed would not 
>viate the resulting disequalization of the distribution of energy, 
ut the greater the number of molecules, the shorter will be the 
mo during which the disequalizmg will contmue ; and it is only 
hen we regard the number of molecules as practically mfimte 
lat we can regard spontaneous disequalization as practically im- 
isBible. And, in point of fact, if any finite number of perfectly 
astic molecules, however great, be given in motion in the mterior 
" a perfectly rigid vessel, and be left for a sufficiently long time 
adisturbed except by mutual impact and collisions agamst the 
des of the containing vessel, it must happen over and over again 
lat (for example) something more than ij^ths of the whole energy 
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shall be m one-half of the vessel, and less than ^th of the whole 
energy in the other half. But if the number of molecules be 
veiy great, this will happen enormously less frequently than that 
something more than ^ths shall be m one-half, and something 
less than ^ths in the other. Takmg as unit of time the average 
interval of free motion between consecutive collisions, it is easily 
seen that the probability of there bemg something more than 
any stated percentage of excess above the half of the energy in 
one-half of the vessel durmg the unit of time from a stated 
mstant, is smaller the greater the dimensions of the vessel and 
the greater the stated percentage. It is a strange but neverthe- 
less a true conception of the old well-known law of the conduction 
of heat, to say that it is very improbable that in the course of 
1000 years one-half of the bar of iron shall of itself become 
warmer by a degi'ee than the other half, and that the probability 
of this happenmg before 1,000,000 years pass is 1000 times as 
great as that it will happen m the course of 1000 years, and that 
it certainly will happen m the course of some very long time. 
But let it be remembered that we have supposed the bar to be 
covered with an impermeable varnish. Do away with this im- 
possible ideal, and beheve the number of molecules in the umverse 
to be infinite , then we may say one-half of the bar will never 
become warmer than the other, except by the agency of external 
sources of heat or cold This one instance suffices to explain the 
philosophy of the foundation on which the theory of the dissipation 
of energy rests, 

Take, however, another case, in which the probability may be 
readily calculated. Let an hermetically sealed glass jar of air con- 
tain 2,000,000,000,000 molecules of oxygen, and 8,000,000,000,000 
molecules of mtrogen. If examined any time m the infinitely 
distant future, what is the number of chances against one that all 
the molecules of oxygen and none of nitrogen shall be found in 
one stated part of the vessel equal in volume to -J-th of the whole ? 
The number expressing the answer in the Arabic notation has 
about 2,173,220,000,000 of places of whole numbers. On the 
other hand, the chance against there bemg exactly -j^ths of the 
whole number of particles of nitrogen, and at the same time 
exactly ^ths of the whole number of particles of oxygen in the 
fiirst specified part of the vessel, is only 4021 x 10® to 1. 
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Appendix, 

Calculation of prohahility respecting Diffusion of Gases. 

For simplicity, I suppose the sphere of action of each molecule 
be infinitely small in comparison with its average distance 
n its nearest neighbour ; thus, the sum of the volumes of the 
eies of action of all the molecules will be infinitely small in 
portion to the whole volume of the containing vessel For 
vity, space external to the sphere of action of every molecule 
1 be called free space . and a molecule will be said to be in 
5 space at any time when its sphere of action is wholly in free 
ce , that is to say, when its sphere of action does not overlap 
i sphere of action of any other molecule. Let A, B denote any 
) particular portions of the whole containing vessel, and let 
) be the volumes of those portions. The chance that at any 
tant one individual molecule of whichever gas shall be in A is 
a + i), however many or few other molecules there may be in 
it the same time , because its chances of being in any specified 
■tions of free space are proportional to their volumes; and, 
ording to our supposition, even if all the other molecules were 
A, the volume of free space in it would not be sensibly 
linished by their presence. The chance that of n molecules 
the whole space there shall be i stated individuals in A, and 
.t the other n-i molecules shall be at the same time in j5, is 

nee the probability of the number of molecules xn A being 
ictly i, and in JB exactly n - i, irrespectively of individuals, 
1 fraction having for denominator (a + b)", and for numerator 
> term involving in the expansion of this binomial ; that 
lO say, it is 

w(n —1),.. («. — ■! + 1) / a v/ b N""’ 

1,2 ...... t + \a + 6/ 

we call this T{, we have 
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Hence is the greatest term, if i is the smallest integer which 
makes 

^ b 
^4-l ^ 


this 18 to say, if % is the smallest integer which exceeds 

a b 
a + b a + b* 

Hence if a and b are commensurable, the greatest term is that 
for which 




To apply these results to the cases considered m the preceding 
article, put m the first place 

this bemg the number of particles of oxygen; and let i = n. 
Thus, for the probability that all the particles of oxygen shall 
be in A, we find 

/ a 

U + W 


Similarly, for the probabihty that all the particles of nitrogen are 
in the space B, we find 

/ 5 yxiow 

' 

Hence the probability that all the oxygen is m ^ and all the 
nitrogen m jB is 

/ ^ n2X10« / I \8X10« 

\a + b) ^ Va 4- 6/ 


Now by hypothesis 


a __ 2 


and therefore. 


6^8 
a + 6 10^ 


hence the required probability is 

226 X 101 S 
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11 this l/JV, and let log denote common logarithm. We have 
log 10^3 - 26 X 10^« X log 2 =: (10 - 26 log 2) 

X 10^^ = 2173220 xl0«. 


IS IS equivalent to the result stated in the text above. The 
arithm of so great a number, unless given to more than thirteen 
nificant places, cannot indicate more than the number of places 
v^hole numbei'S in the answer to the proposed question, expressed 
wording to the Arabic notation. 

The calculation of when i and are very large numbers, 
practicable by Stirhng’s theorem, according to which we have 
proximately 

1.2 ... i = 

d therefore 

1) ... (?? — i-f 1) _ 

i 

mce for the case 

a 


Lich, according to the preceding formulm, gives 1\ its greatest 
lue, we have 




1 


sj27mef 


lere 


. = ^.^and/= 


a + b' 


Thus, for example, [lot n = 2 x 10“ , 

a --2, f='8, 

> have 2i =■ ^ = • 

800000 Vt 1418000 

lis expresses the chance of there being 4 x 10“ molecules of 
ygen in A, and 16 x 10“ m B. Just half this fraction expresses 
0 probability that the molecules of nitrogen are distributed in 
actly the same proportion between A and B, because the 
mber of molecules of nitrogen is four times greater than of 


li 
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If n denote the number of the molecules of one gas, and n' that 
of the molecules of another, the probability that each shall be dis- 
tributed between A and B in the exact proportion of the volume is 

1 

2irefJ nnf 

The value for the supposed case of oxygen and nitrogen is 
1 

277 X ’16 X 4 X 4021 x 10» ’ 
which is the result stated at the conclusion of the text above. 



87. The Sorting Demon of Maxwell. 


abstract of Royal Institutiou Lecture, Feb. 28, 1879, Roy, ImtiMion Proo 

Vol. IX. \), 113. Reprinted in Popular Lectures aiul Addresses, Yol i 

pp 137—141] 

The word “demon/’ which originally in Greek meant a Buper- 
atural being, haa never been properly used to signify a real or 
ieal personification of malignity. 

Clerk Maxwell’s “demon” is a creature of imagination having 
ertain perfectly well defined powers of action, purely mechanical 
a their character, invented to help us to understand the “Dissi- 
lation of Energy” in nature. 

He is a being with no preternatural qualities, and differs from 
eal living animals only in extreme smallness and agility. He 
,an at pleasure stop, or strike, or push, or pull any single atom 
if matter, and so moderate its natural course of motion. Endowed 
deally with arms and hands and fingers — two hands and ten 
ingors suffice — he can do as much for atoms as a pianoforte 
ilayer can do for the keys of the piano— just a little more, he can 
jush or pull each atom in any direction, 

He cannot create or annul energy; but just as a living animal 
ioes, he can store up limited quantities of energy, and reproduce 
3 hem at will. By operating selectively on individual atoms he 
3 an reverse the natural dissipation of energy, can cause one-half 
Df a closed jar of air, or of a bar of iron, to become glowingly hot 
md the other ice cold; can direct the energy of the moving 
molecules of a basm of water to throw the water up to a height 
and leave it there proportionately cooled (1 deg. Fahrenheit for 
772 ft. of ascent); can “sort” the molecules in a solution of salt 
or in a mixture of two gases, so as to reverse the natural process 

r*AnoAntration of the SOlution XU OUO 



22 


THERMODYNAMICS 


[87 


portion of the water, leaving pure water in the remainder of the 
space occupied, or, in the other case, separate the gases into 
different parts of the containing vessel. 

''Dissipation of Energy'’ follows m nature from the fortuitous 
concourse of atoms The lost motivity is essentially not restorable 
otherwise than by an agency dealing with individual atoms ; and 
the mode of dealing with the atoms to restore motivity is essentially 
a process of assortment, sending this way all of one kind or class, 
that way all of another kind or class 

The classification, accordmg to which the ideal demon is to 
sort them, may be according to the essential characler of the 
atom , for mstance, all atoms of hydrogen to be let go to the loft, 
or stopped from crossing to the right, across an ideal boundary , 
or it may be according to the velocity each atom chances to have 
when it approaches the boundary if greater than a certain stated 
amount, it is to go to the right , if less, to the left. This latter 
rule of a^ortment, earned mto execution by the demon, dis- 
equalises temperature, and undoes the natural diffusion of heat ; 
the former undoes the natural diffusion of matter. 

By a combmation of the two processes, the demon can de- 
compose water or carbomc acid, first raising a portion of the 
compound to dissociational temperature (that is, temperature so 
high that colhsions shatter the compound molecules to atoms) 
and then sendmg the oxygen atoms this way, and the hydrogen 
or carbon atoms that way ; or he may effect decomposition against 
chemical affinity otherwise, thus Let him take in a small store 
of energy by resistmg the mutual approach of two compound 
molecules, letting them press as it were on his two hands, and 
store up energy as in a bent spring, then let him apply the two 
hands between the oxygen and the double hydrogen constituents 
of a compound molecule of vapour of water, and tear them asunder, 
He may repeat this process until a considerable proportion of the 
whole number of compound molecules m a given quantity of 
vapour of water, given in a fixed closed vessel, are separated into 
oxygen and hydrogen at the expense of energy taken from traus- 
lational motions. The motivity (or energy for motive power) in 
the explomve mixture of oxygen and hydrogen of the one case, 
and the separated mutual combustibles, carbon and oxygen, of 
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md in the substance in the foim of kinetic energy of the thermal 
)tions of the compound molecules. Essentially different is the 
composition of carbonic acid and water in the natural growth 
plants, the resulting motivity of which is taken from the 
dulations of light or mdiant heat, emanating from the intensely 
t matter of the sun. 

The conception of the “ sorting demon is purely mechanical, 
d is of great value in purely physical science It was not 
rented to help us to deal with questions regarding the influence 
life and of mind on the motions of matter, questions essentially 
yond the range of mere dynamics. 

The discourse was illustrated by a series of experiments 



( 24 ) 


[88 


88. On Thermodynamics founded on Motivity and Energy. 
[From Ptoo, Royal Soo Ediriburgh^ March 21, 1898, VoL xxii pp. 126 — 130 ] 

1. In a verbal communication to the Koyal Society of 
Edinburgh in 1876, under the title ''Thermodynamic Motivity,” 
I suggested the name motivity to express energy, whether thermal 
or of any other kind, available to generate velocity in molar 
matter, or to move molar matter agamst resisting force By 
molar matter I mean matter as we know it, consisting, as we 
believe, of vast numbers of atoms or molecules. Only the title 
of this communication was published m the Proceedings of the 
Royal Society: a short report of it was published m the Ph%lo- 
sophical Magadne for May 1879*, in which it was pointed out that 
a " veiy short and simple analytical method of setting forth the 
whole non-molecular theory of thermodynamics ” might be founded 
on the consideration of Motivity and Energy as two functions of all 
the independent variables specifymg a body, or a system of bodies, 
or some defimte apparatus under consideration:— apparatus, as 
I shall call it for brevity, to include every case, even such as a 
single crystal. The object of the present communication is to 
carry out this proposal. 

2, Let the apparatus bfe^ given all at one temperature t. 
Denote by g^ig^t g^^ etc., the otlier variables by which its condition 
is specified These will in mahy cases be geometrical, specifying 
elements or co-ordinates, such as strain-components, expressing 
change of bulk or shape of a pjece of crystal or other elastic solid 
under stress ; or positions of pistons in a pneumatic apparatus ; or 
area, or curvature, of a free liquid surface m an application to 
theory of capillary attraction , or positions of electrified bodies, or 
electrostatic capacities, in an electrostatic system Or, considered 
as generabsed co-ordinates, the independent variables may be 
physical qualities, such as proportion of vapour to bquid in an 
enclosure, with or without a piston ; or quantities of electricity on 

* [Supra^ p 6, The motivity (energy available at constant temperature) is 
identical with the free energy of Helmholtz, and the thermodynamic potential 
of Willard Gibbs 1 
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particular insulated pieces of metal in an electrical system; or 
proportion of salt to solvent in an osmotic application. 

3 Let gs, *•) and e {t, g^, g^, ) denote the 

motivity and the energy of the system, the latter being absolute, 
the former being relative to a temperature the lowest available 
for carrying off heat. These expressions written in full denote 
that 711^ and e are functions of the independent variables t, gi, g^j 
etc. ; but generally, except when it is convenient to be reminded 
that they are such functions, we shall for brevity denote then 
values simply by m and e, 

4 First suppose the tempemture of the appm'aius kept con- 

stant at T, and let the other independent variables be augmented 
from etc, to gi-]r\dgu g^i-\dg^, etc., through 

infinitesimal ranges dgi, dg^, etc. Let 

M,(T).dg,^M,{T).dg,^^tc (1) 

denote the quantity of heat (positive or negative) which must be 
taken in from without to keep the tempemture constant at T, 
and let 

Pi (T ) . dg^ + Pfl (T ) , dg^ + etc (2) 

denote the mechanical work required to produce the change 
This work simply contributes its own amount to the motivity of 
the apparatus, because, as in Garnot^a theory, we have an infinite 
river or ocean at temperature always ready to give or take 
freely any heat to be taken in by, or rejected from, the apparatus 
to keep it at constant temperature jT. Hence 

dmx {T,gug^, •^)=^Pi{T) ,dgi^ P^ (T) . dg^^ + etc. , . .(3), 

On the other hand, the energy is augmented, not only by the 
mechanical work done on it, but, in addition to this, by the 
dynamical equivalent of the quantity (positive or negative) of heat 
taken in. Hence, if J denote the dynamical equivalent of the 
thermal unit, we have 

d[e(T,gi,git g^, 

= JMi (T ) . dgi + JMi (T ) . dg^ -f etc. . ..(4). 

The second members of (3) and (4) are complete differentials of 
functions gi^gs, eta, on the supposition that T is constant. Hence 

d -rx d -r, /rn\ tv //T7\ d 
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and 

^M,(T).^M.(T). etc. .(6) 

5 Passing now from the supposition that the temperature is 
kept constant at T and going back to § 3, remark that whatever 
heat 18 taken in at temperature t imparts motmty to the apparatus 
to an amount equal to the proportion (t--T)lt of its dynamical 
equivalent. Hence, if N denote the thermal capacity of the 
apparatus with gi, g^, etc, each constant, and if Mi, M^, etc, and 
Pi, P 2 , etc., denote the coefficients m (1) and (2) for any vanable 
temperature t instead of the constant temperature T, we now have, 
instead of (3), 

dm = Ndt + dg, 

+ (f, + J ^ dg, + etc. . . .(7) , 

and for the energy we have simply 

de = JNdt 4- (Pi -f JM-i) dgi -f (Pa 4- JM^ dg^ 4- etc. .(8). 
From this and (7) we have 
JT 

d (e — m) = — {Ndt 4- Midgi 4- M^dg^ 4- etc ) (9). 

t 


6 From the conditions that the second members of (7) and 
(9) aie complete differentials of all the independent variables, we 
now find from (9), as formerly from (4), m respect to gi, g^, etc, 

d^_d^ d^_d^ . 

dgi ” dg^ ’ dg, “ dg, ^ 

and from these in conjunction with (7), 

dP a dPi dP^ _ dp 2 ^ /'ll \ 

dgi^dg^^ dgr dg,^ 

Lastly, in respect to t, gi , t, g^, etc, we find from (9) and (8) 


dN_dM2 M 2 

dgi dt t ’ dg^ dt t ^ ^ * 


...( 12 ) 


and 


rdN rdMi , dPi 


.dN 


-rU/jjj-i . u/jL 1 Y- u/j-y -r dM^ . dPa , 


From these, by ehmination of N, we find 

dP 
dt 


= JM, = -t^; etc (14), 
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These equations (11), (12), (13), and (14) express all the 
knowledge regarding properties of matter which can be derived, 
recording to suggestions of Carnot and Clapeyron, from the 
combined Carnot and Joule thermodynamic theory 

7. For some applications the following condensation of nota- 
bion and corresponding modification of formulas will be found 
convenient. Let w denote the mechanical work performed in 
rltenng the apparatus from any one configuration (t ) 

bo any other configuiation {t, gi^ g^, ...), both at the same tem- 
peiature t, and let H be the heat absorbed during the process. 
Equations (11) and (10) demonstrate that w and H are inde- 
pendent of the particular succession of configurations through 
which the apparatus is brought from the imtial to the final 
configuration, provided heat is given to it, or taken from it, by 
eosternal agency, so as to keep it at one unchanged temperature t 
throughout the process. With this notation (11) and (10) are 
equivalent to the followmg: — 


w = x('^’ ffi> 9i’ 9i> • •) •••■ 

(16). 

H=‘^{t,g^,g^,...)-f{t,gi,gi , ...) .... 

(16). 

where y and 'Jr denote two functions of the variables, and we 

have 




dgi’ dg./ 

(10. 

„ dH ,, dH ^ 



(18) 


In terms of this condensed notation we find os an equivalent for 
(14) the following single equation : — 




and by integration of (8), (9), and (7) with reference to gi , g>i, etc. 

e = + ( 20 ), 

e-m = + e {t, g^, g^, mrit, gi, gi, ■ ■ .)• •■(21), 

TO = w + / ^ (^j gi,gi, ••’) (22). 
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And, eliminating E by (19), we have finally e and m in terms of 
w as follows — 

e = + .) (23), 

m = + mT {t, gi,gi, .•) (24). 

8. For the particular case t=^ T we fall back on the formulas 
of § 4, and we see that there is in that case no distinction between 
motivity and mechanical work done with the apparatus kept con- 
stantly at temperature T 

9 Our present notation, w, H, and 0 , is exactly that which 
I used forty- three years ago in my paper ‘‘ On the Thermo-elastic 
and Thermo-magnetic Properties of Matter/’ published in the first 
number of the Quarterly Journal of Mathematics (Apnl 1856), and 
republished with additions m the Philosophical Magazine for 
January 1878, and m Vol I. of my Mathematical and Physical 
Papers (Art XLvm. Part vu). Equations (6) and (8) of that 
article, found onginally without the very convenient aid to thought 
given by the idea of motivity, are now reproduced as equations (19) 
and (23) above. The application to the thermo-elastic properties 
of fluids, of non-crystalline elastic solids, and of crystals, and to 
Thermo-magnetism, and to Pyro-electricity or the Thermo- 
electncity of non-conducting crystals, which that article contains, 
and my paper* on “ Thermodynamics of Volta-Contact Electricity,” 
read before the Royal Society of Edinburgh at its recent meeting 
of February 21, may be referred to as sufficiently illustrating the 
system of generalised co-ordmates and thermodynamic formulas of 
the present commumcation. 

* [The paper next following here ] 
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89 . On the Thbbmodynamics of Volta-contact 
Eleotbicitt. 

4 

[Prom Proo Royal Soc , Edinburgh ^ Vol, xxir, Feb. 21, 1898, pp X18 — 126 ] 

1. Let X and Y be two metals, of which X is electrically 
positive to Y in the Volta-contact series for dry metals, and make 
an incomplete circuit of them as indicated in the diagram, with X 
and F metallically connected at an interface /, and free surfaces 
//, KCO exposed, with ether or air, or any gas or insulating fluid, 
between them Let GG be a movable slab of the F-metal, resting 
frictionlessly on a fixed surface KK of the same metal If left to 
itself the movable slab would, in virtue of electnc attraction, as we 
shall see, oscillate on the two sides of the middle position in which 
the whole of its upper surfiwie is opposite to //. We shall suppose 
it held by applied force F in any position, or moved, or allowed to 
move, fi:om any one position to any other, at our pleasure. 

2. Suppose now our apparatus to be given with no excess of 
either electncity above the other, and to be insulated in air or 
ether at a distance from all other bodies great in comparison with 
its own dimensions, and with no electrified body neeir enough to iC 
to produce sensible electrification through influence. Every part 
of the X-surface will be found positively and every part of the 
F-surface negatively electrified, provided each surface is of perfectly 
uniform Volta-quality throughout its extent; but the electric 
surface-densities of the opposite electrifications will be everywhere 
exceedingly small, except m and near the portions of II and CG 
closely opposed to one another. Hence, if the slab is drawn out- 
wards, an electric current will flow from II through the X-metal, 
and will cross the junction J from X to F and flow through F to 
compensate negative electricity on the portions of GO passing from 

close opposition to JJ, Our thermodynamic operations, of wWch ^ 

we will arrange a Carnot cycle, are drawing in 
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impermeable to heat, and sometimes with the whole surface kept 
at one temperature by giving heat to it, or taking heat from it, 
wheie required for the fulfilment of this condition. 

3. Suppose the relative thermo-electric quality of the two 
metals is such that, when a complete metallic circuit is made of 



them, and the two junctions are kept at different temperatures, 
the thermo-electric current is (accordmg to the old French rule for 
bismuth and antimony) '' against the alphabet through hot — that 
IS, from F to X through the hot junction and from X to Y through 
the cold junction It is in this direction for some pairs X and Y 
(as, for example, X zmc, Y gold), of which X is Volta-positive to 
r, and IS in the opposite direction for others ; but, by allowing 
negative values to some of the quantities, this latter case is 
included in our supposition whjch we make as a preliminary to 
avoid circumlocutions. 

4. Consider now the Peltier thermal effect of the current 
produced as in § 2 by drawing the movable slab of F-metal out- 
wards. The current crosses the junction J m the same direction 
as the natural thermo-electno current in a closed circuit with J 
the cold junction: and the thermal effect is therefore production 
of heat ab J ; accordmg to a thermodynamic hypothesis which I 
adopted as fulfilled so far as the s^gn of the Peltier effect was 
concerned, in Peltier s splendid original discovery for bismuth and 
antimony, and verified* by myself experimentally for copper and 
iron below 280'^ C. (Trans, Roy, Soc, JSdin , May 1854, “ Dynamical 
Theory of Heat/' part vi. ^ 105, 106, Fi'oc, Roy, Soo, Lond 

* Verified by Le Eoux and Jahn for $GYeral other pairs of metals for which they 
also measured the value of the Peltier effect. Their results verify the thermo- 
hj^othesis absolutely in "respect to the sign, and tend to oonfirm it in 
respect fo toipfj^itude, of tl^e Peltier effect LeBoux (1S67). Ann Ohzm 
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May 1854, Experimental Researches in Thermo-electricity/’ § ii. 
Both republished in Arts. XLVXii and u., Vol. I., Mathematical 
and Physical Papers See pp. 239—241 and 464 — 466) 

But we must now consider, also, a quasi-Peltier efifect pioduced 
by electricity crossing the bolder between air or ether at the 
surface of either metal, and the homogeneous metal inside We 
have absolutely no thermodynamic or molecular-hypothetic guide 
to even guess the sign or magnitude of this effect at the surface of 
either metal It is conceivable that it may have opposite signs 
for different metals, or that it is essentially of the same sign m all , 
but it seems to me exceedmgly improbable that it is non-existent, 
when I consider Pellat’s and Murray’s discoveries of change of 
Volta-surface-potential produced by scratching and by burnishmg, 
mthout any change of chemical constitution of the surface layer 
of a metal- 

6 Let Q denote the total quantity of heat produced by the 
Peltier effect at J and the quaai-Peltier effect at the surfaces II 
and (7(7, per unit quantity of electricity flowmg from II thiough J 
to CO, in virtue of motion of GG outwards. The part of Q which 
is produced at J is, as we have seen, positive when X and F are 
m the thermo-electric order stated m § 3 , but the total amount 
of Q may be either positive or negative. 

6. Our Carnot cycle will consist of the following four opera- 
tions . — 

I. Adiabatic ” — according to Rankine’s nomenclature.) The 
whole apparatus bemg ideally coated with varnish im- 
permeable to heat, draw out CG so slowly that the 
temperature of the whole apparatus remains uniform 
throughout, while rismg from t to on absolute thermo- 
dynamic scale 

II. (Isothermal ) The whole apparatus bemg kept by proper 

stirface appliances at constant temperature If, let GG 
move inwards veiy slowly, until a certain quantity of 
heat, R\ has been Taken into the apparatus from 
without. - ^ 

IIP (Adiabatic )' Let "the slab move further inwards very 
slowly till the temperature of the whole apparatus' 
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IV, (Isothermal.) The whole apparatus being kept by proper 
surface appliances at constant temperature draw the 
slab outwards to its primitive position. Let H be the 
quantity of heat which must be removed to pi event 
lowering of temperature, 

7 Remark that if Q of § 5 is positive, and H qiq both 
positive and E^>H, but if Q is negative, H' and H are both 
negative and — if > — jET', In either case we have essentially by 
my defimtion of absolute temperature {Math, and Fhys. Papers^ 
Vol, III. Art. xcii. part ii, §§ 34, 35) 

m the former case m the latter < t 

By working out analytically all the details of this cycle of 
operations, and takmg mto account Joule's law of equivalence 
between heat and work, we arrive at the result 

JQ ^ dV/d (log t) 

given as our final result in equation (7) below. 

But we arrive at it more easily, and in some respects more 
conveniently, by foundmg on the doctrine of motivity, as 
follows . — 

8. Let Fbe the Volta-difference of potential in air or ether 
between the opposed X and Y metallic surfaces. 

Let I, ^ be the electrostatic capacities of the variable con- 
denser (7(7, Ily for two positions of the movable slab (7(7, which for 
brevity we call position f and position f'. 

The work required to pull out the slab from position f to 
position will be 

The quantity of electricity passing from II across J to KK during 
this operation will be 

and therefore the quantity of heat which would have to be 
removed from the junction J and the surfaces //, (7(7, to prevent 
nse of temperature (§ 6 above), is 
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Hence if e t) denote the energy of the apparatus in the con- 
dition (^, t)j we have 

( 1 ). 

Considering now change of temperature with ^ constant, we have 

= ( 2 ), 

where t) denotes the thermal capacity of the apparatus with 
^ constant When we consider the possible or piobable quasi- 
Peltier productions of heat at II and GO, and the probabihty that 
jheae are different for the two metals, and the Peltier effect at J, 
we must regard N as probably varying with ^ We must therefore 
"egard it as a function of ^ and t 

9 Consider now the motivity^ of our apparatus, which we 
shall denote by m (f, t), being, as is the energy, a function of ^ 
ind t 

When the slab CG is drawn out so as to dimmish the capacity 
Torn f to the heat QV(^^ which, to prevent temperature 
rom rising, must be given to external matter at temperature t, 
contributes to the recipient an amount of motivity equal to 

vhere T denotes the lowest temperature of neighbounng matter, 
ivailable for receiving heat. Hence we have 

( 3 ). 

Lnd if we raise the temperature of the whole apparatus infinitesi- 
nally from t — ^dt to ^dt, we add to its motivity an amount 

T- i-I' T7<T/h A\ 

Jence = — JN{^,t) (4) 

From (1) and (2) with the equation 
d de _ d de 

d^ dt dt d^^ 


Proc. Roy Soc Edin 1876 , Phil Mag May 1879 , Math and Phys Papen, 
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and from (3) and (4) with the equation 


■we find 
and 


d d/tn _ d dm 
T^1t~di'd^’ 


M 

d^- 


jd{QV)\ 
dt dt I 


... ( 6 ) 


t-T .dN 
t d^ 





dN 

Eliminating between (5) and (6) we find finally 

dV J ^ dV 

dt~t^ or, JQ-^(log^) 


.( 7 ). 


10 The quantity of heat absorbed or produced in virtue of 
change of electric density on the surfaces JJT, 00 must in all 
probability in every case be too small to be detected by direct 
observation. But the difference between the quantities produced 
at the two surfaces of the two different metals, per unit of electnc 
quantity added to one surface or taken from the other, which is 
^ - n if n be the Peltier effect at the junction /, can by aid of 
equation (7) be readily and surely determined for any two metals 
for which the Peltier effect is known. In fact, it is easy to 
arrange apparatus for measuring V through a considerable range 
of temperature, say from 0° to 100'' C., by the now well-known 
compensation method mtroduced independently by Pellat and 
myself, and thus to measure dVjdt and so find Q by equation (7). 
I am at present commencmg experiments for this purpose with 
air, and with carbomc acid gas, between the two opposed metal 
surfaces, so that we may judge what precautions, if any, will be 
necessary to elimmate disturbances due to different condensations 
of gas on the metals at different temperatures. Very interesting 
and important experiments by Pellat and by Erskme Murray have 
shown large temperature effects on the Volta-electric force between 
two plates, whether of the same or of different metal, when one of 
them is heated and the other kept at the ordinary atmospheric 
temperature , but this does not supply what we now want from 
experiment, which is, the variation of the Volta-electric force 
between two metals at one and the same temperature, when this 
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Addition, of date 2Qth Maroh 1898. 

A number of preliminary experiments, carried on with the 
assistance of Mr W Craig Henderson, have shown large but 
lai'gely irregular temperature variations of the Volta B M F 
between copper and zinc, with all parts of the Volta circuit at the 
same temperature. The substitution of carbonic acid gas for an, 
ind re-intioduction of air for carbonic acid, seemed to make but 
little difference on the results The irregularities seemed to have 
been chiefly due to permanent or sub-permanent changes in the 
copper plate At all events we found somewhat more nearly 
regular results with zmc and gold. The zinc plate used had never, 
30 far as I know, been polished or much disturbed by touching its 
surface since experimented on by Mr Erskine Murray three years 
igo. The “gold” was a brass plate gilded for me about 1859. 
[t was one of the two “ standard gold plates in Ei'skme Murray^s 
3xpenments, and, so far as I know, it has never been rubbed or 
Dolished smce 1861 

We found in a range from 16° C. to 60° 0 an augmentation of 
STolta-contact difference at rough average rate of about 002 of a 
rolt, or 2 X 10®O.G S. units, per degree Centigrade. This is 800 
/imes the thermo-electric difference of zinc and gold given as 
i50 0 G.s. umts per degree Centigrade in Jenkins’ Electricity and 
Magnetism, p. 176, and Everett’s Physical Units, 1886, p. 173 
^d (§ 3 above) gold, zinc are as F, X m respect to orders m the 
Volts, senes and m the thermo-electnc series of metals Hence, 
mcording to the secure thermo-dynamic formula (7) above, and 
fhe old probable thermo-dynamic hypothesis foT thermo-electricity 
§ 4 above), the quasi-Peltier effect at the interfaces gold-air and 
iir-zinc m the Volta circuit would be 799 times the Peltier effect 
it the zinc-gold mterface, if the precedmg figure 800 were exact 

The sign of the quasi-Peltier effect for gold-zmc is such that on 
he whole heat is produced by vitreous electricity travellmg from 
fold to gold-air frontier, and an equal quantity of vitreous elec- 
riicity from air-zmc frontier to zmc , and, on the whole, cold is 
iroduoed by equal electno motions m the opposite direction. 
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On Electric Equilibrium between Uranium and an Insul- 
ated Metal in its Neighbourhood By Lord Kelvin, 
J Carruthers Beattie, and M Smoluchowski de Smolan, 

\_lioy Soc. Edin. (read March 1, 1897) , accidentally omitted from Proa for 
Session 1896 — 1897, p, 417, but published in Nature for March 11, 1897 ] 

The wonderful fact that uranium held m the neighbourhood 
of an electrified body diselectrifies it was first discovered by 
H Becquerel Through the kindness of Prof Moissan we have 
had a disc of this metal, about 6 cm. diameter and ^ cm. thickness, 
placed at our disposal. 

We made a few preliminary observations on its diselectnfying 
property. We observed first the rate of discharge when a body 
was charged to different potentials We found that the quantity 
lost per half-minute was very far from increasing m simple pro- 
portion to the voltage, from 5 volts up to 2100 volts , the electrified 
body bemg at a distance of about 2 cm from the uranium disc. 
[Added March 9, 1897 — We have to-day seen Prof BecquerePs 
paper in Gomptes Rerdus for March 1 It gives us great pleasure 
to find that the results we have obtained on discharge hy uranium 
at different voltages have been obtained m another way by the 
discoverer of the effect A very interesting account will be found 
m Prof Becquerels paper, which was read to the French Academy 
of Sciences on the same evemng, curiously enough, as ours was 
read before the Eoyal Society of Edinburgh.] 

These first experiments were made with no screen placed 
between the uramum and the charged body We afterwards 
found that there was also a discharging effect, though much slower, 
when the uramum was wrapped in tinfoil. The effect was still 
observable when an alumimum screen was placed between the 
uranium, wrapped in tinfoil, and the charged body. 

To make expenments on the electric equilibrium between 
uranium and a metal in its neighbourhood, we connected an 
insulated horizontal metal disc to the insulated pair of quadrants 
of an electrometer. We placed the uranium opposite this disc 
and connected it and the other pair of quadrants of the 
electrometer to the sheath. The surface of the uranium was 
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parallel to that of the insulated metal disc, and at a distance of 
about 1 cm. from it. It was so arranged as to allow of its easy 
removal 

With a polished aluminium disc as the insulated metal, and 
with a similar piece of aluminium placed opposite it in place 
of the uranium, no deviation from the metallic zero was found 
when the pairs of quadrants were insulated from one another. 
With the uramum opposite the msulated pohshed aluminium, a 
deviation of — 84 scale-divisions from the metalhc zero was found 
in about half a minute [Sensibihty of electrometer 140 scale- 
divisions per volt.] After that, the electrometer-readmg remained 
steady at this point, which we may call the uramum-rays-zero for 
the two metals separated by air which was traversed by uramum 
rays If, instead of having the uranium opposite to the alumimum, 
with only air between them, the uranium was wrapped in a piece 
taken from the same aluminium sheet, and then placed opposite 
to the insulated polished alummium disc, no deviation was pro- 
duced Thus in this case the rays-zero agreed with the metalhc 
zero 

With polished copper as the insulated metal, and the uramum 
separated only by air from this copper, there was a deviation of 
about +10 scale-divisions. With the uramum wrapped in thin 
sheet alumimum, and placed m position opposite the insulated 
copper disc, a deviation from the metallic zero of + 43 scale- 
divisions was produced in two minutes, and at the end of that 
time a steady state had not been reached 

With oxidised copper as the insulated metal, opposed to the 
uranium with only air between them, a deviation from the metalhc 
zero of about +25 scale-divisions was produced. 

When the uramum, instead of being placed at a distance of 

1 cm from the msulated metal disc, was placed at a distance of 

2 or 3 mm, the deviation from the metallic zero was the same 

These experiments lead us to infer that two polished metalhc 
surfaces connected to the sheath and the insulated electrode of an 
electrometer give, when the air between them is influenced by the 
uramum rays, a deflexion from the metallic zero the same m 
direction, and of about the same amount, as when the bwb metals 
are connected by a drop of water. The uramum itself may be one 
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90 Notice of Stirling's Air-Engine 
[F rom Qlaag, Phih Soc Froc Yol ii pp 169 — 170 , read April 21, 1847 ] 

Attention was called to the circumstance that, in accordance 
with Oamot’s theory*, of which an explanation had been given 
by Professor Gordon at a previous meeting of the Society, the 
mechanical effect to be obtained by an Air Engine, from the 
transmission of a given quantity of heat, depends on the difference 
between the temperatures of the air in the cold space above and 
the heated space below the plunger , as this difference is consider- 
ably greater than that which exists between the boiler and the 
condenser m the best condensmg Steam Engines, it appears that, 
if the practical difficulty m the construction of an efficient Air 
Engine can ever be removed to nearly the same extent as already 
has been done m the case of the Steam Engine, a much greater 
amount of mechanical effect would be obtained by the consump- 
tion of a given quantity of fuel 

Some illustrations, afforded by the Air Engme, of general 
physical principles, were also noticed If the Air Engine be 
turned forwards, by the application of power, and if no heat be 
applied, the space below the plunger will become colder than the 
surrounding atmosphere, and the space above hotter. Expen- 
diture of work will be necessary to turn the Engine, after this 
.difference of temperatures, contrary to that which is necessary to 
cause the Engine to turn forwards, has been established If, how- 
ever, we prevent the temperature m one part from rising, and in 
the other from smking, the Engine may be turned without the 
expenditure of any work (except what is necessary in an actual 
machine for overcoming friction, &c) One obvious way of re- 
taining the two parts at the same temperature, is to keep the 
machine immersed m a stream of water, but there is another 
way in which this may he done, if we can find a solid body which 
melts at the temperature at which it is required to retain the 
Engme. For instance, let this temperature be 32° ; let a stream 
of water at 32° be made to run across the upper part of the 
Engine, and let the lower part of the vessel containing the 
plunger, which is protected from the stream, be held in a bason of 

* An account of this theory is given m a paper by Olapeyron “ On the Motive 
Power of Heat,’’ of which a translation is published in Tayloi’s Scientific Memoirs^ 
Yol r. 
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yater at 32° When the Engine is turned forwards, heat will be 
;aten from the space below the plunger and deposited in the 
jpace above Now, this heat must be supplied by the water in 
^he bason, which will, therefore, be gradually converted into ice 
it 32°. Hence we see that water at 32° may be converted into 
ce at 32°, without the expenditure of any work. This may also 
le very easily proved m the following manner * 

Let a syringe be constructed of perfectly non-conducting 
naterials, except the lower end of the cyhnder, which is to be 
itopped by a solid plate, a perfect conductor. The 83 n*inge being 
it first full of air, at atmospheric pressure, and at the temperature 
)f 32°, let the lower end be dipped in a stream of water at 32°, 
ind the piston be pushed down Let the syringe be then placed 
vith its lower end m a bason of water at 32°, and the piston be 
dlowed to rise. The mechanical effect given out in this part of 
he operation will be equal to the work spent in the former, and 
i portion of the water in the bason will be turned into ice 

Note — To avoid perplexity, in the account which was given, 
t was supposed that the temperature of the air is always the 
lame as that of the vessel in which it is contained, which will only 
)e stnctly true, even were the action of the plunger perfect in 
bltenng the temperature of the air, when the motion is very slow. 

)1, Note on the Effect of Fluid Friction in drying Steam 

WHICH ISSUES FROM A HiQH-PreSSURE BoILER THROUGH 

A SMALL Orifice in;to the Open Air. 

[From Phtlomphioal Magcmne ^ Vol i. June 1851, p 474 , Yol il October 
1851, pp 273, 274,] 

In a letter to Mr Joule written last October, and since pub- 
ished in the Philosophical Magazine*, I pointed out that the 
emarkable discovery (made independently by Messrs Rankine 
md Clausius), that steam allowed to expand requires heat to be 
idded to it to prevent any part of it from becoming liquefied, can 
mly be reconciled with the known fact of the dryness of steam 
ssuing mto the open air from a high-pressure boiler through a 
mall aperture, by takmg into account the heat developed by the 
luid friction m the neighbourhood of the aperture. I may add, 

* Vol. xxxvu p 387 (Deoember 1860) [Math and Phyi, Papers, Yol i pp 
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that the immediate mechanical effect of the work done by the 
steam m pressing out, is the generation of vis viva in the fluid , 
and all of this vis viva, except the very small proportion of it 
retained by the steam after leaving the rapids^ is lost m friction 
before the fluid reaches the locality where its pressure is equal 
sensibly to that of the atmosphere, that is, is converted into 
thermal vis viva or heat. M Clausius*, in an investigation of the 
circumstances of this case of expanding steam, points out distinctly 
that work is done, but overlooks the mechanical effect produced , 
and in consequence arrives at the conclusion that my proposition, 
that the steam, when it has expanded till its pressure is equal to 
that of the atmosphere, could not be dry without the heat, or some 
of the heat, it gets from fluid friction, is false These remarks 
are, I trust, sufficient to show that M Clausius’s objections to my 
reasonmg are groundless 

Second Note on the Effect of Fluid Friction in drying 
Steam which issues from a High-Pressure Boiler into 
the Open Air 

In the August Number of this Magazine, M Clausius has 
replied to a Note, published m the June Number, in which I 
endeavoured to show that the objections he had made to my 
reasoning regarding the condition of stea.m issuing from a high- 
pressure boiler, were groundless I cannot perceive that this 
reply at all invalidates any of the statements made in my two 
former communications to which I refer the reader who desires 
to ascertain what my views are, and to judge as to the correctness 
of the reasonmg by which they are supported. An analytical 
investigation, according to the pnnciples discovered by Mr Joule, 
of the thermo-dynamical circumstances of the rushing of any fluid 
through a small orifice, is given in a paper communicated last 
April to the Royal Society of Edinburgh, and since published m 
the Transactions (Vol xx. Part ii.) under the title On a Method 
of discovenng Experimentally the Relation between the Mechanical 
Work spent and the Heat produced by the compression of a gaseous 
flmd§.” 

♦ lu aa article reoently published m Poggendorf ’a Annaleni and republished m 
the last Number (May) of the Philosophical Magazim 

t Phil Mag Yol.xxivn p 387 (Not 1860), and Yol. i, 4th Ser ,p 474 (June 1851). 
§ [Math and Phys, Pavers Vnl t 9in oooi 
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I take the present opportunity of correcting a mistaken ex- 
pression in my first communication regarding steam issuing from 
a high-pressure boiler, by which I gave a false, or an inadequate, 
representation of tlie connexion of that application of Mr Joule^a 
general principles which I was bringing forward, with one which 
he had himself made in one of his published papers The following 
IS the passage of my communication (addressed as a letter to 
Mr Joule), which requires correction . — 

The pretended explanation of a correspondmg circumstance 
connected with the rushing of air from one vessel to another 
in Gay-Imssac’s experiment, on which you have commented, is 
certainly not applicable in this case, since, mstead of receivmg 
heat from without, the steam must lose a little in passmg through 
the stop-cock or steam-pipe by external radiation and convection* 

I wrote this under the impression that Mr Joule had, in his paper 
On the Changes of Temperature produced by the Condensation 
and Rarefaction of Airf,’’ pomted out the mcorrectness of an 
explanation often given of Gay-Lussac’s experiment^, and shown 
that the phenomenon could be truly explained only by taking 
into account the heat developed in the air by friction in its 
passage from one vessel to the other through the stop-cock I 
find, however, on looking to the paper, which I had not by me 
when I wrote, that it -contains no reference to Gay-Lussacs 
expenment, but the following passage, referring to Mr Joules 
own experiments on the heat developed by the compression of 
air, and the heat absorbed by air allowed to expand from a vessel 
into which it has been compressed, through a small orifice, into 
the atmosphere, from which I obtained the idea of considenng 
the heat developed by the friction of steam issuing from a high- 
pressure boiler. 

‘at IS quite evident that the reason why the cold m the 
experiments of Table IV. was so much mfenor in quantity to the 
heat evolved m those of Table I., is, that all the force of the air, 
over and above that employed in lifting the atmosphere, was 
applied in overcoming the resistance of the stop-cock, and was 
there converted back again into its equivalent of heat§. 

* PhtU Mag, Ser. 8, Vol. xxxvn p 388. [Math, and Phys. Papers, Yol, i p. 171.] 
t Phil Mag. Ser 8, YoL xxvi p 869 (May 1845). 

See Lam^, Cours de Physique^ Yol i. § 852 
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92 On the Mechanical Action of Radiant Heat or Light. 
On the Power op Animated Creatures over Matter 
On the Sources available to Man for the Production 
OF Mechanical Effect. 

[From A'rftw Roy Soc Proc Vol lu 1867, pp. 108—113 [read Feb 2, 1862]; 
Phil Mag VoL iv Oot 1862, pp 266 — 260 , Math arid Phys Papere, 
VoL I. Art Inu pp 605—510.] 


93 On a Universal Tendency in Nature to the Dissi- 
pation of Mechanical Energy. 

[From Min. Ray Soo Proa VoL in. [read April 19, 1852], pp 139—142, 
Phil. Mag Vol ly Oct 1862, pp 304 — 306, Math, and Phys Papers., 
VoL I Art III. pp 611 — 614] 


94. On the Restoration of Mechanical Energy from an 

UNEQUALLY HEATED SPACE 

[FromPAiZ Mag. Vol v. Feb 1863, pp 102—106, Math, and Phys Papers, 
Vol I Art. IxLU pp 654 — 668 ] 


96 On Thermo-elastic and Thermo-magnetic Properties 
OF Matter, Part I. 

[From Qya.rt. Journal of Math. Vol I 1867 [dated from Glasgow College, 
March 10, 1866], pp 67 — 77 , Phil Mag Vol v 1878 [with additions], 
pp 4 — 27 , Math and Phys Papers, Vol. i Art xlviii pp 291 — 316.] 


96 On the Origin and Transformations of Motive 

Power 

[Prom Roy Imtiiution Proo VoL n. 1864—1868 [Feb 29, 1866], pp. 199—204; 
Ghemist, Vol ui 1866, pp 607—612 ; Math, and Phys Pap&rs, Vol. n' 

Art sc pp 182 — 188; Popular Lectures and Addresses, Yo\ n pp 418 

432] 
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97. On the Disooveey of the True Form of Carnot's 

Function. 


[From PkiL Mag, YoL xi Jime 1856, pp 447, 448 ] 

To the Editors of the Philosophical Magazine and Journal 
Gentlemen, 

In a paper communicated to the Royal Society of 
Edinburgh m 1851*, Prof W. Thomson ascribed to Mr J. P. 
Joule the discovery of the theorem, that Carnot’s function, which 
Clapeyron expressed by (7, and Thomson by the fraction 1//4, is 
nothing more than the absolute temperature multiplied by the 
equivalent of heat for the unit of work ” I have hitherto avoided 
mentioning this point in my papers ; principally because I have 
30 high an esteem for the labours of the physicist for whom 
Prof Thomson claims pnonty, that I was anxious to avoid 
3ven the appearance of wishing to lessen his deserts. But ae 
Prof Thomson has since then frequently repeated that assertion, 
— among other places in the paper in the March Number of this 
Journal, where, in page 216, he calls that theorem ‘‘Mr Joule's 
lonjecture,” — I think it necessary to say a few words on the 
subject 

Holtzraann established the same formula for the function G 
n a paper which appeared as early as 1845 f; and Helmholtz, in 
118 pamphlet published in 1847, “ On the Conservation of Force," 
uting Holtzmann's paper, calculated several values obtained 
ly this formula, and compared them with those arrived at by 
Dlapeyron in a different manner. But the views upon which 
0[oltzmat\ji founded his speculations do not agree with the 
nechanical theory of heat as at present received, so that after 
ihis had been recogmzed, the correctness of the formula found by 

* Edxn Tram, YoL xx ; and Phil, Mag, 4tli Ser, Vol ix, 

\ On the Heat and Elasticity of Oases and Vapours By 0. HoltzmanO. 
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him was, naturally, again rendered doubtful. On this account, 
in a paper communicated to the Berhn Academy in February 
I860* ''On the Moving Force of Heat,'’ m which I brought 
Carnot s proposition in agreement with the mechanical theory 
of heat, I agam endeavoured to determine his function more 
accurately Therein I arrived at the same formula as Holtzmann, 
and I believe that I then, for the first time, correctly explained 
the prmciples upon which this formula is based 

In presence of these facts, Prof Thomson, to justify his 
statement, saysf, '‘It was suggested to me by Mr Joule, in a 
letter dated December 9, 1848, that the true value of /u might 
be inversely as the temperature from zero ” Against tins I must 
beg to urge , — Firsts that, as far as I am aware, it is usual, in 
determining questions of priority in scientific matters, only to 
admit such statements as have been pMished And I believe 
that this custom ought to be conscientiously adhered to, especially 
m theoretical investigations , for it usually requnes continued and 
labonous research in order to give to a thought, after it has been 
first entertained, and perhaps casually communicated to a friend, 
that degree of certainty which is necessary before venturmg upon 
its publication Secondly^ that smce Thomson does not say that 
Mr Joule had proved the theorem, but only that he had offered 
it as an opimon, I do not see why this opinion should have the 
priority over that which Holtzmann had arrived at three years 
before 

In conclusion allow me to make one remark In a more 
recent paper, "On a Modified Form of the Second principal 
Theorem m the Mechanical Theory of HeatJ,” I have introduced, 
instead of Carnot’s function (7, another function of the temperature, 
which I have designated by T, and by which all developments are 
very much simplified. This function has a determinate relation 
to that of Carnot’s, which I have expressed by the equation 

dtl 0^ 

in which t represents the temperature, and A the equivalent of 
heat for unit of work. It is easily recognized, that, according 

* PoggendorfTs AnnaUn, Vol Lxxtx. , and Phil, Mag, 4th Ser. Vol ii, 

f Pdin, Tram Vol xx. p 279. 
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to this equation, the functions Q and T are in general to be 
considered different, but that for the special case, m which 0 
IS proportional to the absolute tempemture, T must be also 
proportional to it And in fjiet I have shown, from the same 
principles which before led me to the determination of C\ that 
m all piobability T is simply the absolute temperature itself. 


I remain, Gentlemen, 


Zurich, Mai oh 20, 1866 


With great respect, yours &c , 

R. Clausius. 


To the Editors of the Philosophical Magazine and Joiirn^L 

OakMd, Moss Side, Manchester, 

May 12, 1856 

Gentlemen, 

M Clausius, m a letter of date March 20, 1856, addressed 
to yourselves, and published this month m your Magozme, objects 
to a statement he supposes me to have made in 1851, and to have 
frequently repeated since that time, that Mr Joule had discovered 
“the theorem, that Carnot’s function {G ox Ijp) ^is nothing more 
than the absolute temperature multiplied by the equivalent of 
heat for the unit of work ’ ” He attributes the discovery of the 
true form of Carnot’s function to Holtzmann, who gave the foiunula 
referred to in a paper which appeared as early as 1846 , but he 
believes that in his own paper On the Moving Force of Heat,” 
communicated to the Berlin Academy m 1860, the principles 
upon which that formula is based were first correctly explained. 

Allow me to answer the charge he makes against me by 
quotmg what I said with reference to the “ discovery ” for which 
M. Clausius claims priority. 

“ This formula was suggested to me by Mr J oule, in a letter 
dated December 9, 1848, as probably a true expression for p, 
being required to reconcile the expression derived from Carnot’s 
theory (which I had communicated to him) for the heat evolved 
in terms of the work spent in the compression of a gas, with the 
hypothesis that the latter of these is exactly the mechanical 
equivalent of the former, which he had adopted in consequence of 
its being, at least approximately, verified by his own experimental 
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This, which will be called Mayer^s hypothesis, from its having been 
first assumed by Mayer, is also assumed by Clausius without any 
reason from experiment , and an expression for /i, the same as the 
preceding, is consequently adopted by him as the foundation of 
his mathematical deductions from elementary reasoning regaidmg 
the motive power of heat* ” 

This passage is the sequel to the extract quoted by M Clausius 
m his letter to you, and appeared m the same Part of the Trans- 
acUons, and in the same volume of the Philosophical Magazine 
When it IS read, I think it will be admitted that I did not do 
injustice to his claims in writing the following sentence two yeai's 
later, of which the words “Mr Joule’s conjecture” have called 
forth his reclamation — 

“A more convenient assumption has since been pomted to 
by Mr Joule’s conjecture, that Cainot^s function is equal to 
the mechanical equivalent of the thermal unit divided by the 
temperature by the air thermometer from its zero of expansion , 
an assumption which experiments on the thermal effects of am 
escapmg through a porous plug, imdertaken by him m conjunction 
with myself for the purpose of testing it {PhiL Mag October 
1852), have shown to be not rigorously, but very approximately 
true.” 

I remain. Gentlemen, 

Yours very faithfully, 

William Thomson. 


98. Discussion of J. P Joule’s Paper on “A Surface 
Condenser.” 

[From InsU Mech Eiigrs Proo 1856, pp 191—192, 194 (Glasgow 
Meetmg, Sept 17, 18, 1866 )] 

[Mainly remarks on the practical working of the steam-condenser in 
which he had assisted J oule, especially on the importance of a good vacuum 
There is a later memoir by Joule, » On the Surface Condensation of Steam,” 
PhU. Trans i860, Joule’s SoieTiiiJlc Papers^ Vol i pp. 602 — 631.] 

* “On a Method of disooveiing expenmentaUy the Relation between the 
Meohamoal Work spent, and the Heat produced by the Compression of a Gaseous 
Fluid ” {Trans Hoy, Soc Edinh April 17, 1861, or Phil Mag. December 1862.) 
[Math, and Phys Papers, Yol i pp. 210—222 ] 
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99. Remarks on the Interior Melting of Ice 

In a letter to Prof, Stokes, Sec R.S. 

FiomEoi/ SoG Froc Vol IX 1867— 1869, pp. 141—143 (read Jan 26,1858), 
Phil Mag Vol xvi Oot, 1868, pp. 303, 304, i*epnnted m Baltimore 
Lectures^ Appendix P, pp. 677—679] 

In the Number of the Proceedings just published, which 
[ received yesterday, I see some very mterestmg experiments 
iescribed in a communication by Dr Tyndall, On some Physical 
Properties of Ice.'* I write to you to point out that they afford 
iirect ocular evidence of my brother's theory of the plasticity of 
ce, published in the Proceedings of the 7th of May last, and to 
idd, on my own part, a physical explanation of the blue vems 
n glaciers, and of the lamellar structure which Dr Tyndall has 
jhown to be induced in ice by pressure, as described m the sixth 
section of his paper. 

Thus, my brother, in his paper of lost May, says, '‘If we 
jommence with the consideration of a mass of ice perfectly free 
Tom porosity, and free from liquid particles diffused through its 
jubstance, and if we suppose it to be kept in an atmosphere at 
)r above 0^" Cent., then, as soon as pressure is applied to it, pores 
)ccupied by hquid water must instantly be formed m the com- 
iressed parts, in accordance with the fundamental principle of 
.he explanation I have propounded— the lowering, namely, of the 
reezing-point or melting-point, by pressure, and the fact that ice 
jannot exist at 0° Cent, under a pressure exceeding that of the 
itmosphere." Dr Tyndall finds that when a cylinder of ice is 
ilaced between two slabs of box-wood, and subjected to gradually 
ncreasing pressure, a dim cloudy appearance is observed, which 
le finds is due to the melting of small portions of the ice m the 
ntenor of the mass. The permeation into portions of the ice, 
or a time clear, bv the water SQueezed against it from such 
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parts as may be directly subjected to the pressure/’ theoretically 
demonstrated by my brother, is beautifully illustrated by 
Dr Tyndall’s statement, that '' the hazy surfaces produced by the 
compression of the mass were observed to be in a state of intense 
commotion, which followed closely upon the edge of the surface 
as it advanced through the solid It is finally shown that these 
surfaces are due to the liquefaction of the ice in planes perpen- 
dicular to the pressure ” 

There can be no doubt but that the oscillations ” m the 
meltmg-pomt of ice, and the distinction between strong and weak 
pieces m this respect, described by Dr Tyndall in the second 
section of his paper, are consequences of the varymg pressures 
which dififerent portions of a mass of ice must experience when 
portions withm it become hquefied 

The elevation of the meltmg temperature which my brother’s 
theory shows must be produced by dimmishmg the pressure of 
ice below the atmosphenc pressure, and to which I alluded as a 
subject for experimental illustration, in the article describing my 
experimental demonstration of the lowermg effect of pressure 
{Proceedings, Roy Soc, Edin. Feb 1850), demonstrates that a 
vesicle of water cannot form m the interior of a sohd of ice 
except at a temperature higher than 0° Cent This is a conclusion 
which Dr Tyndall expresses as a result of mechanical considera- 
tions : thus, Eegardmg heat as a mode of motion,” “ liberty of 
liquidity 18 attained by the molecules at the surface of a mass of 
ice before the molecules at the centre of the mass can attam this 
hberty ” 

The physical theory shows that a removal of the atmospheric 
pressure would raise the melting-point of ice by :ff^ths of a 
degree Centigrade. Hence it is certam that the interior of a 
solid of ice, heated by the condensation of solar rays by a lens, 
will rise to at least that excess of temperature above the super- 
ficial parts It appears very nearly certain that cohesion will 
prevent the evolution of a bubble of vapour of water in a vesicle 
of water formmg by this process in the mterior of a mass of ice, 
until a high “negative pressure’* has been reached, that is to say, 
until cohesion has been called largely into operation, especially 
if the water and ice contam httle or no air by absorption (just as 
water freed from air may be raised considerably above its boiling- 
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point under any non-evanescent hydrostatic pressure). Hence 
it appears nearly certain that the intenor of a block of ice 
originally clear, and made to possess vesicles of water by the 
concentration of radiant heat, as m the beautiful experiments 
described by Dr Tyndall in the commencement of his paper, will 
nae very considembly in tempemture, while the vesicles enlarge 
under the continued influence of the heat received by radiation 
thiough the cooler enveloping ice and through the fluid medium 
(air and a watery film, or water) touching it all round, which is 
necessarily at 0° Cent, where it touches the solid. 

I find I have not time to execute my intention of sending you 
to-day a physical explanation of the blue veins of glaciers which 
occurred to me last May, but I hope to be able to send it in a 
short time. 
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100 . On the Stratification of Vesicular Ice 
BY Pressure. 

In a letter to Pro/, Stokes, Sec Ii,S. 

[From Ro^, Soc Froo Vol ix. 1857 — 1859, pp 209 — 213 [read Apr 22, 1868], 
Phdl Mag, Yol xvL Dec 1868, pp 463 — 466 Reprinted in Baltimore 
Leotwree, pp 679 — 583.] 

In my last letter to you I pointed out that my brother’s 
theory of the effect of pressure m lowering the freezing-point of 
water, affords a perfect explanation of various remarkable pheno- 
mena involving the internal meltmg of ice, described by Professor 
Tyndall in the number of the Proceedings which has just been 
published I wish now to show that the stratification of vesicular 
ice by pressure observed on a large scale m glaciers, and the 
lamination of clear ice desciibed by Dr Tyndall as produced m 
hand specimens by a Bramah’s press, are also demonstrable as 
conclusions from the same theory. 

Conceive a continuous mass of ice, with vesicles containing 
either air or water distributed through it , and let this mass be 
pressed together by opposing forces on two opposite sides of it. 
The vesicles will gradually become arranged m strata perpen- 
dicular to the hnes of pressure, because of the melting of ice in the 
localities of greatest pressure and the regelation of the water in the 
localities of least pressure, in the neighbourhood of groups of these 
cavities. For, any two vesicles nearly in the direction of the 
condensation will afford to the ice between them a relief from 
pressure, and will occasion an aggravated pressure in the ice 
round each of them m the places farthest out from the line 
joinmg their centres, while the pressure m the ice on the far 
sides of the two vesicles will be somewhat diminished from what 
it would be were their cavities fiUed up with the sohd, although 
not nearly as much diminished as it is in the ice between the 
+,wo TTatioa flq HAmnnstmtpd hv mv hrn thpr’fi them^ and mv 
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own experiment, the melting temperature of the ice lound each 
vesicle will be highest on its side nearest to the other vesicle, 
and lowest in the localities on the whole farthest from the line 
joining the centres Therefore, ice will melt from these last- 
mentioned localities, and, if each vesicle have water in it, the 
partition between the two will thicken by freezmg on each side 
of it. Any two vesicles, on the other hand, which are nearly in 
a line perpendicular to the direction of pressure will agree in 
leaving an aggravated pressure to be borne by the sohd between 
them, and will each direct away some of the pressure from the 
portions of the solid next itself on the two sides farthest from 
the plane through the centres, perpendiculai' to the line of 
pressure. This will give rise to an increase of pressure on the 
whole in the solid all round the two cavities, and nearly in the 
plane perpendiculai to the pressure, although nowhere else so 
much as in the part between them* Hence these two vesicles 
will gradually extend towards one another by the melting of the 
intervening ice, and each will become flattened in towards the 
plane through the centres perpendicular to the direction of 
pressure, by the freezmg of water on the parts of the bounding 
surface farthest from this plane. It may be similarly shown that 
two vesicles in a line oblique to that of condensation will give 
rise to such vaiiations of presauro in the solid in their neighbour- 
hood, as to make them, by melting and freezing, to extend, each 
obliquely towards the other and from the parts of its boundary 
most remote from a piano midway between them, perpendicular 
to the direction of pressure. 

The general tendency clearly is for the vesicles to become 
flattened and arranged in layers, in planes perpendicular to the 
direction of the pressure from without* 

It is clear that the same general tendency must be experienced 
even when there are bubbles of air in the vesicles, although no 
doubt the resultant effect would be to some extent influenced by 
the running down of water to the lowest part of each cavity* 

I believe it will be found that these principles afford a satis- 
factory physical explanation of the origin of that beautiful veined 
structure which Professor Forbes has shown to be an essential 
organic property of glaciers. Thus the first effect of pressure not 

in fill /1 1 n/irtf’t rtvi o /xn o vitiqcicj rtf cjnrtTtr rti'trV’L't* frt Rrt O 
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to the theory, to convert it into a stratified mass of layers of 
alternately clear and vesicular ice, perpendicular to the diiection 
of maximum pressure In his remarks “On the Conversion of the 
N6v4 mto Ice*,” Professor Forbes says, ''that the conversion into ice 
is simultaneous*' (and m a particular case referred to "identical') 
"with the formation of the blue hands ^ ,and that these bands arc 
formed where the pressure is most intense, and where the dif- 
ferential motion of the parts is a maximum, that is, near the walls 
of a glacier ” He farther states, that, after long doubt, he feels 
satisfied that the conversion of snow into ice is due to the effects 
of pressure on the loose and porous structure of the former ; and 
he formally abandons the notion that the blue veins are due to 
the freezing of infiltrated water, or to any other cause than the 
kneadmg action of pressure All the observations he describes 
seem to be in most complete accordance with the theory indicated 
above. Thus, in the thirteenth letter, he says, “ the blue veins 
are formed where the pressure is most intense and the differential 
motion of the parts a maximum ” 

Now the theory not only requires pressure, but requires differ- 
ence of pressure m different directions to explain the stratification 
of the vesicles Difference of pressure m different directions pro- 
duces the “ differential motion ” referred to by Professor Forbes. 
Further, the difference of pressure in different directions must be 
continued until a very considerable amount of this differential 
motion, 01 distortion, has taken place, to produce any sensible 
degree of stratification in the vesicles. The absolute amount of 
distortion experienced by any portion of the viscous mass is 
therefore an index of the persistence of the differential pressure, 
by the continued action of which the blue veins are induced. 
Hence also we see why blue veins are not formed in any mass, 
ever so deep, of snow resting in a hollow or comer. 

As to the direction m which the blue vems appear to lie, they 
must, according to the theory, be somethmg intermediate between 
the surfaces perpendicular to the greatest pressure, and the sur- 
faces of shdmg, smce they will commence being formed exactly 
perpendicular to the direction of greatest pressure, and will, by 
the differential motion accompanying their formation, become 
gradually laid out more and more nearly parallel to the sides of 

* T /A\ 
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he channel through which the glacier is forced This circum- 
tance, along with the comparatively weak mechanical condition 
»f the white strata (vesicular layers between the blue strata), 
oust, I think, make these white strata become ultimately, m 
eality, the surfaces of '‘sliding’’ or of "tearing,” or of chief 
iifferential motion, as according to Professor Forbes’s observations 
hey seem to be His first statement on the subject, made as 
arly as 1842, that " the blue veins seem to be perpendicular to 
he lines of maximum pressure,” is, however, more in accordance 
ath their mechanical origin, accordmg to the theory I now 
uggest, than the supposition that they are caused by the tearing 
ction which is found to take place along them when formed It 
ppears to me, therefore, that Dr Tyndall’s conclusion, that the 
esicular stratification is produced by pressure in siiifaces per- 
endiculai' to the duections of maximum pressure, is con'ect as 
Bgards the mechanical origin of the veined structuie, while there 
3ems every reason, both from observation and from mechanical 
leory, to accept the view given by Professor Forbes of their 
motion in glacial motion. 

The mechanical theory I have indicated as the explanation 
" the veined structure of glacial ice is especially applicable to 
icount for the stratification of the vesicles observed in ice 
uginally clear, and subjected to differential pressure, by Dr 
yndall , the formation of the vesicles themselves being, as re- 
larked in my last letter anticipated by my brother’s theory, 
iblishcd in the Proceedings for May, 1857. 

I believe the theory I have given above contains the true 
cplanation of one remarkable fact observed by Dr Tyndall in 
mnexion with the beautiful set of phenomena which he dis- 
vered to be produced by radiant heat, concentrated on an 
ternal portion of a mass of clear ice by a lens ; the fact, namely, 
at the planes in which the vesicles extend are generally parallel 
the sides when the mass of ice operated on is a flat slab ; for 
e solid will yield to the " negative ” internal pressure due to 
e contractility of the melting ice, most easily in the direction 
>rpendicular to the sides. The so-called negative pressure is 
erefore least, or which is the same thing, the positive pressure 
greatest in this direction. Hence the vesicles of melted ice, 
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or of vapour caused by the contraction of melted ice, must, as 
I have shown, tend to place themselves parallel to the sides of 
the slab 

The division of the vesicular layers into leaves like six- 
petaled flowers is a phenomenon which does not seem to me as 
yet so easily explained, but I cannot see that any of the 
phenomena described by Dr Tyndall can be considered as having 
been proved to be due to ice having mechanical properties of a 
uniaxal crystal 

[It now seems to me most probable Tyndall was nght in 
attnbuting the six-rayed structure to the molecular mechanics of 
a uniaxal crystal. K, Deo, 13, 1903 ] 
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101. On the Theemal Effectt of drawing out a 
Film of Liquid 


i’rom Soc, Proc, VoL ix, 1867 — 1869, pp 266, 266 [read June 10, 1868], 
Phil, Mag Vol xvii Jan. 1869, pp 61, 62 ] 

Bevag an extract of two letters to J P Joule, FRS., 
dated Feh 2 and 3, 1868^ 

A VERY novel application of Carnot's cycle has just occurred to 
e in consequence of looking this morning mto Waterston's paper 
1 Capillary Attraction, m the January Number of the Philosophical 
^agazine. Let The the contractile force of the surface (by which 
Dr Thomas Young's theory the resultant effect of cohesion on 
liquid mass of varying form is represented), so that, if 11 be the 
mospheric pressure, the pressure of air within a bubble of the 
juid of radius r shall be 4T/r4*n. Then if a bubble be blown 
Dm the end of a tube (as m blowing soap-bubbles), the work spent, 
)T unit of augmentation of the area of one side of the film, will be 
[ual to 2T 

Now since liquids stand to different heights in capillary tubes 
different temperatures, and generally to less heights at the 
gher temperatures, T must vary, and in general decrease, as the 
mperature rises, for one and the same liquid. If T and T' 
jnote the values of the capillary tension at temperatures t and 
of our absolute scale, we shall have 2{T-T) of mechamcal 
Drk gained, in allowing a bubble on the end of a tube to collapse 
as to lose a unit of area at the temperature t and blowing xt 
) again to its onginal dimensions after having raised its tempera- 
re to t\ If ^ be infinitely small, and be denoted by the 
in of the work may be expressed by 

2dT ^ 
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and by using Carnot’s principle as modified for the Dynamical 
Theory, m the usual manner, we find that theie must be an 
absorption of heat at the high temperature, and an evolution of 
heat at the low temperature , amountmg to quantities differing 
from one another by 



dt 


x®, 


and each infimtely nearly equal to the mechanical equivalent of 
this difference, divided by Carnot’s function, which is J/t, if the 
temperature is measured on our absolute scale Hence if a film 
such as a soap-bubble be enlarged, its area being augmented in 
the ratio of 1 to m*, it experiences a cooling effect, to an amount 
calculable by finding the lowermg of temperature produced by 
removing a quantity of heat equal to 

t -dT 
dt ’ 


from an equal mass of hquid unchanged in form. 

For water r= 2 96 gr. per hneal inch , 

Work per square inch spent m drawing out a film = 6 92, say 
6 inch-grains, dTjdt=^^T, or thereabouts. 

Suppose =5 300/(1390 x 12), then the quantity of heat to be 
removed, to produce the cooling effect, per square inch of surface 
of augmentation of film, will be Suppose, then, 1 grain of 

water to be drawn out to a film of 16 square inches, the cooling 
effect will be of a degree Centigrade, or about The 

work spent in drawmg it out is 16 x 6 = 96 mch-gxains, and is 
equivalent to a heating effect of 96/(12 x 1390) = Hence the 
total energy (reckoned in heat) of the matter is increased 
of a degree Centigrade, when it is drawn out to 16 square inches. 

* [Tins should read ‘ augmented by an area J7/1 on each side ’] 
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102 . On the Importance of making Observations on 
Thermal Radiation during the coming Eclipse of 
THE Sun. 

[From Roy, Jsiron, Roc. Monthly Notices, Yol xx; 1860, pp 317, 318 ] 
Abstract of Letter to the Editors dated June 5, 1860. 

Prof Grant thinks I ought to call the attention of the 
Astronomical Society to the importance of making observations 
on thermal radiation durmg the echpse of the sun, by writing 
to you on the subject 

All that I have to suggest is, that differential observations 
on the effects experienced by three or four thermometers with 
their bulbs placed, one m the centre of the image of the moon, 
in the focus of a lens or speculum, and the others in different 
positions round her disk, during the time of total obscuration 
of the sun, would probably give decided results as to the differ- 
ence of radiation from the moon, and from the portion of space 
round the sun The ‘"photosphere,” which I suppose is always 
seen round the moon’s disk during a total eclipse of the sun, and 
vhich must be due to her light reflected from atmosphere or 
lust round the sun itself, must radiate heat, and would probably 
ihow a sensible effect, as compared with radiation from an equal 
ingular area of the moon. 

The thermometers should have their bulbs blackened with 
oot or lamp-black, and be all of the same size The bulb of 
ach should be considerably smaller than the sun’s image, This, 
f the focal length of the lens or mirror is 67 inches, would be a 
ircle half an inch diameter, so that very ordinary thermometers 
muld answer. I would recommend spirits-of-wine thermometers 
)r superior sensitiveness: but -nArhA-rva .v — j-t. - 
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A mirror would be better than a lens, because the hot dust 
round the sun must produce radiant heat of such colour as that 
of a hot stone or metal not at a bright red heat, and which, 
therefore, would be much absorbed by glass. 

There would need good arrangements to preserve the thermo- 
meters from disturbing influences. Until the totabty, the 
radiation from the sun would need to be strictly excluded. At 
the instant of complete obscuration the cover would be removed, 
and the thermometers all observed. One observer could note 
them m succession The sketch represents the positions such as 
I would have the thermometers in, the circle denoting the moon’s 
unseen disk 

There seems no doubt but that the thing is practicable, and 
would lead to results , but it is to be considered whether arrange- 
ments can be made, and an observer or observers secured, to 
execute it Will you consult members of the Astronomical 
Society on the occasion of its meeting on Friday, if you find any 
who are disposed to consider the subject ? 

From what Prof Grant says, it appears that radiation experi- 
ments, as hitherto made or contemplated, have not attempted 
any definite concentration by means of a lens or otherwise. This 
appears to be as discnminatmg a way of investigating the 
phenomenon as it would be to attempt to record visible appear- 
ances by a photograph made by diffused light, with no lens to 
make a picture. 


103. On* TBOffi OoNVBonvE Equieibrito of Temperature 
IN THE Atmosphere. 

[From Manchester Phil Soc. Proo Yol ii. 1860—1862, pp 170—176 [Jan, 21, 
1862]; Manchester Phil Soo^MsTn. Yol ii 1865, pp. 125 — 131 Reprinted 
m Math and Phys Papers^ Yol. m Art. xcn. pp. 266 — 260.] 


104. On the Protection op YBaBTATiON from Destbuctiye 
Cold every Night. 

[Prom PJdinl Roy. Soa Proa YoL v 1866, pp 203, 204 [read April 4, 1864]. 

Renrintpul l-n Pnnrmlr,** T J i t ^ — - 
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105 On the Dynamical Tiieohy of Heat [Theemal 
Dissipation of Energy of Vibration op Solids]. 

[From Edinh Roy. Soc Froo Vol v 186(J,i)p G10--612, read Deo, 18, 1866] 

This paper commences with a chudenaed re-statement of the 
fundamental principles and forrnuhe of the Dynamical Theory of 
Heat, from the first six paits of the author’s treatment of the sub- 
ject previously communicated to the Royal Society of Edinburgh, 
and his articles ‘ On the Ihcrmo-clastic Properties of Matter,” 
in the Quarterly Mathematioal Journal (April, 1855), and on 
^'Thermo-magnetism,'^ and "Thermo-electricity,” m 'Nichol's 
Gyclopedna (Edinburgh, 1860), 

The chief object of the paper is the deduction of numerical 
values in absolute measure for the thermo-electric effects which 
form the subject of Part VI of this series {Transactions of the 
Royal Society of Edinhurgh, 1854; and Phil Mag 1864, second 
half year, and 1855, fii'st half year), especially for differences of 
bemperature produced by electric corivoctiou of heat, and for the 
changes of temperature due to strain in <dasti(* Holids, investigated 
n the article on thermo-ehustK*. proporbicH of matter above rofen^ed 
jO. The very valuabh* rcsultH, recently ])ubliHhe(l, of the oxpen- 
ments of Forbes and AngstroTn for detcu’mining in absolute 
measure the thermal coiiductiviti(‘H of iron and co])per, supply a 
i^ery important element, previously wanting, d(‘finit<i estimates 
)f those changes of temperature, and arc' tiakcm advantage of in 
;he present paper. Thus, the? author has bcuui ouablod to give 
ihat practical character to soino of his former conclusions, of 
vhich, when they were first published, ho pointed out the want, 
n particular, with reference to elastic solids, the apparent value 
ff Young's modulus* when the stress is applied removed, or 

* The amount of the force divided hy the elongation when any 
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reversed so rapidly that the loss of thermal effect by conduction 
and radiation is insensible, is proved to be given by the following 
formula — 

where M denotes the Young's modulus of the substance for 
constant temperature, s its specific heat (per unit mass, as usual), 
e its longitudinal (linear) expansion per degree of elevation of 
temperature, p its density or specific gravity*, and t its actual 
temperature from absolute zero (Dynamical Theory of Heatj 
Part VI, § 100), temperature centigrade with 274 added Of 
course, if M is reckoned (Thomson and Tait's Natural Philosophy, 
§§ 220, 221, 238), in gravitation measure (weight of one gramme, 
the unit of mass), J must be reckoned in gravitation measure 
(grammes weight working through one centimetre), in which 
case its numerical value is 42,400, being Joule’s number (1390), 
reduced from feet to centimetres. Values of surface resistance to 
gain or loss of heat in absolute measure, derived from experiments 
by the author, are used to estimate the effect of radiation and 
convection in dissipating energy in virtue of the thermo-dynamic 
change of temperature in a rod executing longitudinal vibrations 
The velocity of propagation of longitudinal vibrations (as in the 
transmission of sound along a bar) being equal to the velocity 
acquired by a body in falling through a height equal to half the 
“ length of the modulus*|",” is, of course, half as much affected as 
the modulus, by changes of temperature. In iron, for instance, 
the effect of change of temperature, when there is no dissipation, 
IS an increase of about one-third per cent on the Young’s modulus, 
and of about one-sixth per cent on the velocity of sound along a 
bar The effect of the conduction of heat in diminishing the 
differences of temperature in a rectangular bar executing flexural 
vibrations, is investigated from the solution invented by Fourier 
for expressing periodical vanations of underground temperature. 
Its absolute amount for bars of iron or copper, of stated dimensions, 
nbrating in stated periods, is determined from Forbes’ and 
Angstrbm’s conductivities. It is proved that the loss of energy 

* Which, when the French system (unit bulk of water being of mass unity) is 
foUowed, mean the same thing, 

+ The length of the modulus’* is AT—p, if Af be the modulus in grammes 

weight TU»r Dmia-rii rtn-n-t- -i. — rm ■> — 
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due to this efifect at its maximum is not by any means insensible, 
though it IS not sufficient to account for the whole loss of energy 
which the author has found m experiments on flexural vibrations 
of metal springs, which therefoie piove imperfectnesa in the 
elasticity of flexure, such as he had previously pioved for the 
elasticity of torsion* 

* Proceedings of tlie Royal Society of Lmidonf May, 1865 W Tlionison, “ On 
lie Elasticity and Viscosity of Metals ” 


106. On the Dissipation of Energy. 

The Rede Lecture, Cambridge, May 23, 1866. 

iztract, ^ On the Observations and Calculations required to find the Tidal 
Retardation of the Earth^s Rotation,^ published in Popular Leotuie^ 
and Addretses, Yol. ii 1894, pp. 66 — 72 



( 62 ) 


[107 


107 , Dr Balfour Stewart’s Meteorological Blockade 

[From Mature ^ Vol L Jan. 20, 1870, p. 306.] 

Imagine a line drawn round any district, and consider all the 
air that passes over that line outwards and inwards in any time. 
Let the whole quantity of vapour of water carried across the 
Boundary line by this air be determined. If during any particular 
interval of time there is just as much vapour earned outwards as 
inwards, there must be m that interval either no rainfall on, and 
no evaporation from the diatnct, or there must be just as much 
ramfall as evaporation. If more vapour is earned out than in, 
there must be more evaporation than ramfall. Or, if more vapour 
enters than leaves, the difference falls in excess of ram above 
evaporation. 

Dr Stewart proposes to estabhsh a cordon of meteorological 
stations, and to arrange a reduction of observations fcaken at 
them, so as to keep, as far as possible, an exact account of the 
quantity of vapour entenng and leaving the space over the 
surrounded district. This appears to me a most valuable proposal, 
which, if well earned out, must have a very important influence, 
tending to raise meteorology from its present empincal condition 
to the rank of a science. The object of the present notice is to 
suggest that the same system of account-keepmg ought to bo 
applied to electricity 

Whatever we may think as to the nature of electricity, it 
certainly has, m common with true matter, the property of being 
mvanable m quantity. This property is convemently enough 
expressed, as it were, mechanically, by the one-fluid hypothesis, 
which asserts that positive or negative electnfication of any piece 
of matter consists m the presence of more or less than a certain 
quantum of the electric flmd, that quantum being the amount 

xacrVi/ri-n fVin runoff CkT- Tn mifta+mn ATAmiflAPl TlA fl.+i+rPaf»’hl VA nr 
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repulsive force, var3ang with artificial variations of the elecbiic 
condition of the testing body presented to it. On this hypothesis, 
quantities of electncity,” positive and negative, are excesses of 
the quantity of the hjrpothetical fluid above or below the 
quantum ” corresponding to zero of the electric tests. 

The oidmary fair-weather condition m our latitudes presents 
us with negatively electrified air in the lowest stratum, extending 
at least as high as our ordinary houses above the surface of the 
earth , and positive electricity of greater amount, on the whole, 
in the higher regions The atmospheric electrometer indicates in 
absolute electrostatic umts the total quantity of electricity in the 
atmosphere, over a certain area of the place of observation, being 
the excess of the amount of positive above the amount of negative 
electricity in the whole column This excess in fair weather is 
generally positive. The fact that it is not the electricity m the 
lower regions alone, but an effect depending on the whole 
electricity of the atmosphere from lowest to highest, that is 
the thing observed m the ordinary observation of atmospheric 
electricity, renders this subject more suitable even than moisture 
for the application of Dr Stewart’s blockade. Thus, the hygro- 
metrical blockade is complete only if both moisture and the 
effective component of wind aie known at all heights above the 
surface, the electrical blockade is complete when, besides the 
electrometer measurements at the observatory, the effective 
component of the wind at all heights is known. But among the 
many unknown quantities involved, the two departments of the 
blockade combined will give means for eliminating some and 
estimating others for which the hygrornetrical blockade alone, or 
the electrical one alone, would be insufficient. 
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108. On the Ultramundane Oobpusoles of Le Sage. 


[From Edtnh Roy Soc Proo, VoL vn 1872, pp 677—689 [read Dec 18, 
1871 ] ; Phil Mag Vol XLV May, 1873, pp 321—332 ] 

Le Sage, bom at Geneva in 1724, devoted the last sixty- 
three years of a hfe of eighty to the investigation of a mechanical 
theory of gravitation. The probable existence of a gravific 
mechanism is admitted, and the importance of the object to 
which Le Sage devoted his hfe pomfced out, by Newton and 
Bumford* in the following statements- — 

"'It IS inconceivable that mammate brute matter should, 
without the mediation of somethmg else, which is not material, 
operate upon, and afiFect other Doatter without mutual contact ; 
as it must do, if gravitation, in the sense of Epicurus, be essential 
and inherent in it. And this is the reason why I desired you 
would not ascribe innate gravity to me. That gravitiy should be 
innate, inherent, and essential to matter, so that one body may 
act upon another at a distance through a vacuum, without the 
mediation of any thing else, by and through which their action 
and force may be conveyed from one to another, is to me so great 
an absurdity, that I beheve no man who has m philosophical 

* On the other hand, by the middle of last century the mathematical natoalists 
of the Oontment, after half a century of resistance to the Newtonian pnnoipleB 
(which, both by them and by the Enghah followers of Newton, were commonly 
supposed to mean the reoogmtion of gravity as a force acting simply at a distance 
without mediation of mtervening matter), had begun to become more “Newtonian’^ 
than Newton himself. On the 4th February, 1744, Daniel Bemonlh wrote as follows 
to Euler , “ Uebngens glaube loh, dass der Aether sowohl gravis versus solem, ale 
die Loft versus terrain sey, und kann Ihnen moht bergen, dass loh Uber diese 
Punote ein vSlhger Newtonianer bin, und verwnndere loh mioh, dass Sie den Fnn^ 
oipiis Oartesianis so lang adhiriren , es mdohte wohl einige Passion vielleioht mit 
unterlaufen. Hat Gott kCnnen erne ammam, deren Natur uns unbegreiflioh ist* 
ersohaffen, so hat er auoh kOnnen eine attraotionem universalem matenas impri- 
miren, wenn gleioh solche attractio supra captum ist, da hingegen die Pnnolpia 
Oartesiana allzeit contra captum etwas mvolviren.” 
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matters a competent faculty of thinking, can ever fall into it. 
Gravity must be caused by an agent acting constantly according 
to certain laws, but whether this agent be material or im- 
material, I have loft to the consideration of my leadei'S.” — 
Newton’s Third Letter to Bentley, February 26th, 1692-3 

'‘Nobody surely, in his sober senses, has ever pretended to 
understand the mechanism of gravitation ; and yet what subhme 
discoveries wixs our immortal Newton enabled to make, merely 
by the investigation of the laws of its action*/’ 

Lo Sage expounds his theory of gravitation, so far as he had 
advanced it up to the year 1782, in a paper published in the 
Transactions of the Royal Berlin Academy for that year, under 
the title “Lucrece Nowtonien/’ His opening paragraph, entitled 
“But de ce mdmoiro,’’ is as follows — 

“ Jc me propose de faire voir que si les premiers Epicuriens 
avoiemt eu, sur la Oosmographie des id^es aussi saines seule- 
ment, que plusieurs do leiirs contemporains, qu’ils n^gligeoient 
d’^couterf , et sur la G6om6trio, ime partie des connoissances qui 
6toient d6ji\ communes alors* ils auroient, tr^ probablement, 
dteouvert sans effort, les Loix de la Gravity universelle, et sa 
Cause mecanique Loix\ dont I’lnvention et la demonstration, 
font la plus grande gloiro du plus puissant g6nie qui ait jamais 
existe* et Game^ qui aprfes avoir fait pendant longtems, I’am- 
bition des plus grands Physiciens , fait present, le d6seapoir de 
lours successeurs. De sorto que, par exemplo, les famouses Ragles 
de Kepler] trouv^es il y a moms do deux si^cles, on partie sur 
des conjectures gratuites, et en partie aprfes d’immenses tftton- 
nemens; n’auroient 6t4 quo des corollaires particuliera et inevi- 
tables, dea lumikos g^n4rales que ces ancione Philosophes pouvoient 
puiser (comma en se joiiant) dans le m4canisme propreraent dit 
de la Nature. Conclusion; qu’on peut appliquer oxactemont 
aussi, aux Loix de QaliUe sur la chhte des Graves sublunaires ; 
dont la d4couverte a 4t4 plus tardive encore, et plus contestde : 
[oint k ce que, les experiences sur lesquelles cette d4couverte 4toit 
^tabUe ; laissoient dans leurs r4eultats (n4oessairement grosBiers)^ 

* ** An Inquiry oonoerniug the Source of the Heat which is excited by Priction. ” 
3y Count Rumford, Philosophical Transactions, 1798. 

t ** Vobis (Epioureis) minAs notum eat, quemadmodum qmdque dicatur. Vestra 
nim flolAm legitia, veetra amatie ; cmteroB, causi incognita, oondemnatis.” Oio6ron, 
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une latitude, qui les lendoit 4galement compatibles avec plusieiu\s 
autres hypotheses , qu’aussi, Ton ne manqua pas de lui oppoHor ; 
au lieu que, les consequences du choc des Atoms, auroient et(5 
absolument univoques en faveur du seul principe veritable (dos 
Accelerations egales en Tempuscules egaux).” 

If Le Sage had but excepted Kepler’s third law, it must bo 
admitted that his case, as stated above, would have been thoroughly 
established by the arguments of his “memoire”, for the epicurean 
assumption of parallelism adopted to suit the false idea of the c‘arth 
bemg flat, prevented the discoveiy of the law of the inverse square 
of the distance, which the mathematicians of that day wore (juite 
competent to make, if the hypothesis of atoms moving in all 
directions through space, and rarely coming into collision with one 
another, had been set before them, with the problem of dotor- 
mmuig the force with which the impacts would press together two 
sphencal bodies, such as the earth and moon were held to be by 
some of the contemporary philosophei's to whom the opicureans 
“would not listen.” But nothing less than direct observation, 
proving Kepler’s third law — Galileo’s experiment on bodies falling 
from the tower of Pisa, Boyle’s gumea and feather experiment, ami 
Newton’s experiment of the vibrations of pendulums composed i)f 
different kmds of substance — could give either the idea that gi'avity 
is proportional to mass, or prove that it is so to a high degrees of 
accuracy for large bodies and small bodies, and for bodi(*H of 
different kmds of substance Le Sage sums up his theoiy in an 
appendix to the “Lucr^ce Newtonieri,” part of which translated 
(literally, except a few sentences which I have paniphrastad) is m 
follows — 


Constitution of Heavy Bodies. 

1. Their mdivisible particles are cages ; for (‘xaiuple, empty 
cubes or octahedrons vacant of matter except along the twelve 
edges. 

2, The diameters of the bars of these cages, supposed incixsased 
each by an amount equal to the diameter of one of the gravific 
corpuscles, are so small relatively to the mutual distance of the 
parallel bars of each cage, that the terrestrial globe does m>t inter- 
cept even so much as a temthousandth part of the corpuscloa 
which offer to traverse it 
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3 These diameters are all equal, or if they are unequal, their 
inequalities sensibly compensate one another [m averages]. 

GoiistiUihm of Gravific Gorpuscules. 

1 Conformably to the second of the preceding suppositions, 
bheir diameters added to that of the bars is so small relatively to 
bhe mutual djstance of parallel bars of one of the cages, that the 
^veights of the celestial bodies do not differ sensibly from being 
n proportion to their masses. 

2. They are isolated. So that their progressive movements are 
lecessarily rectilinear 

3. They are so sparsely distributed, that is to say, their dia- 
neters are so small relatively to their mean mutual distances, that 
lot more than one out of every hundred of them meets another 
jorpuscule duiing several thousands of years. So that the uniformity 
)f their movements is scarcely ever troubled sensibly. 

4. They move along several hundred thousand milhons of 
lifferent directions , in countmg for one same direction all those 
vhich are [within a definite very small angle of bemg] parallel to 
me straight line The distribution of these straight lines is to be 
jonceived by imagining as many pomts as one wishes to consider 
►f different directions, scattered over a globe as umformly as 
)0S8ible, and therefore separated from one another by at least a 
econd of angle , and then imagining a radius of the globe drawn 
o each of those points. 

6. Parallel, then, to each of those directions, let a current or 
orrent of corpusculcs move , but, not to give the stream a greater 
ueadth than is necessary, consider the transverse section of this 
urrent to have the same boundary as the orthogonal projection of 
he visible world on the plane of the section. 

6. The different parts of one such current are sensibly equi- 
ense , whether we compare, among one another, collateral portions 
f sensible transverse dimensions, or successive portions of such 
mgths that their times of passage across a given surface are 
Bnsible. And the same is to be said of the different currents 
Dmpared with one another. 

7. The mean velocities, defined in the same manner as I have 
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8 The ratios of these velocities to those of the planets are 
several million times greater than the ratios of the gi'avities of the 
planets, towards the sun, to the greatest resistance which secular 
observations allow^ us to suppose they experience. For example, 
[these velocities must be] some hundredfold a greater number of 
times the velocity of the earth, than the ratio of 190,000* times 
the giavity of the earth towards the sun, to the greatest resistance 
which secular observations of the length of the year permit us to 
suppose that the earth experiences from the celestial masses 


CONCEPTION, which facihtates the Application of Mathematics 
to determine the mutual Influence of these Heavy Bodies and 
these Goipuscules. 

1 Decompose all heavy bodies into molecules of equal mass, so 
small that they may be treated as attractive pomts m respect to 
theories in which gravity is considered without reference to its 
cause , that is to say, each must be so small that inequalities of 
distance and differences of dii'ection between its particles and those 
of another molecule, conceived as attracting it and being attracted 
by it, may be neglected. For example, suppose the diameter of 
the molecule considered to be a hundred thousand times smaller 
than the distance between two bodies of which the mutual gravita- 
tion is exammed, which would make its apparent semi-diameter, 
as seen from the other body, about one second of angle. 

2 For the surfaces of such a molecule, accessible but imper- 
meable to the gravific fluid, substitute one single spherical surface 
equal to their sum 

3 Divide those surfaces into facets small enough to allow them 
to be treated as planes, without sensible error [&c., &c.] 

Remarks, 

1. It is not necessary to be very skilful to deduce from these 
suppositions all the laws of gravity, both sublunary and universal 
(and consequently also those of Kepler, &c.), with all the accuracy 
with which observed phenomena have proved those laws Those 

* To render the sentence more easily read, I have substituted this number in 
place of the following words; — n ombre de fois que le firmament oontxent le 
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3 , therefore, are inevitable consequences of the supposed 
gtitutions. 

2 Although I here present these constitutions crudely and 
bout proof, as if they were gratuitous hypotheses and hazarded 
ions, equitable readers will understand that on my own part 
ave at least some presumptions m their favour (independent of 
ir perfect agreement with so many phenomena), but that the 
^elopment of my reasons would be too long to find a place in the 
sent statement, which may be regarded as a publication of 
‘orems without their demonstrations, 

3 There are details upon which I have wished to enter 
account of the novelty of the doctrine, and which will readily 
supplied by those who study it in a favourable and attentive 
rit. If the authors who write on hydro-dynamics, aerostatics, 
optics, had to deal with captious readers, doubting the very 
LStence of water, or air, or light, and therefore not adapting 
amselves to any tacit supposition regarding equivalencies or 
mpenaations not expressly mentioned in their treatises, they 
mid be obliged to load their definitions with a vast number of 
ecifications which instructed or indulgent readers do not require 
them. One understands “d dem%-mot” and “sano seyjm'' only 

miliar propositions towards which one is already favourably 
clmed 

Some of the details referred to in this concluding sentence of 
10 appendix to his Lucrfece Newtonian, ” Le Sage discusses fully 
his Traits de Physique MScanique, edited by Pierre Prdvosb, 
id published in 1818 (Geneva and Paris)* 

This treatise is divided into four books. 

I. ** Exposition sommaire du systfeme des corpuscules ultra- 
Londains/’ 

II. "Discussion des objections qui peuvent s'^lever contre le 
^stferae des corpuscules ultramondams/' 

ni. " Des fluides ^lastiques on expansifs.” 

IV " Application des theories pr4c6dentes k certaines afl&mt^s.** 
It is in the first two books that gravity is explained by the 
npulse of ultramundane corpuscules, and I have no remarks at 
i ftnri fmirth books 
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From Le Sage’s fondamental ajssuraptions, given above ixs nearly 
as may be in his own words, it is, as he says himself, eiisy to deduce 
the law of the m verse square of the distance, and the law of 
proportionality of gravity to mass The object of the present note 
18 not to give an exposition of Le Sage’s theory, which is Hiifficieiitly 
set forth m the preceding extracts, and discussed in detail in the 
first two books of his posthumous treatise I may merely say t.hat 
inasmuch as the law of the inverse square of the distance, for every 
distance, however great, would be a perfectly obvious consequonco 
of the assumptions, were the gravific corpuscules infinitely small, and 
therefore mcapable of coming into collision with one another, it 
may be extended to as great distances as we please, by giving 
small enough dimensions to the corpuscules relatively to the mean 
distance of each from its nearest neighbour The law of masses 
maybe extended to as great masses as those for which observation 
proves it (for example the mass of Jupitei), by making the 
diameters of the bars of the supposed cage-atoms, constituting 
heavy bodies, small enough Thus, for example, there is nothing to 
prevent us firom supposing that not more than one straight line 
of a million drawn at random towards J upiter and continued through 
it, should touch one of the bars Lastly, as Le Sage proves, the 
resistance of his gravific fluid to the motion of one of the planets 
through it, 18 proportional to the product of the velocity of the 
planet mto the average velocity of the gravific corpuscules ; and 
hence by making the velocities of the corpuscules great enough, 
and giving them suitably small masses, they may produce the 
actual forces of gravitation, and not more than the amount of 
resistance which observation allows us to suppose that the planets 
experience. It will be a very interesting subject to examine 
minutely Le Sage’s details on these points, and to judge whether 
or not the additional knowledge gamed by observation since his 
time requires any modification to be made in the estimate which he 
has given of the possible degrees of permeability of the sun and 
planets, of the possible proportions of diameters of corpuscules to 
interstices between them m the “gravific fluid,” and of the possible 
velocities of its component corpuscules. This much is certain, 
that if hard mdivisible atoms ai'e granted at all, his principles 
are unassailable , and nothing can be said against the probability 
of his assumptions. The only imperfection of his theory is that 
which IS inherent to every supposition of hard indivnaiblA 
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y must be perfectly elastic or imporfectly elastic, or perfectly 
istic. Even N(‘wtou seems to have admitted as a probable 
Lty hard, indivisible, unalterable atoms, each perfectly inelastic 

NTicolas Eatio is (pioted by Le Sage and Provost, as a friend of 
vton, who in U)H9 or 1690 had invented a theory of gravity 
ectly similar to that of Le Sage, except certain essential pomts, 
d<*Hciib(‘d it in a Latin poem not yet printed, and had written, on 
noth March 1694, a letter regarding it, which is to be found in 
third volume of the works of Leibnitz, having been communi- 
*d for publication to the editor of those works by Le Sage 
leker, a (3ermau physician, is quoted by Le Sage as having 
ounded a theory of gravity of the same general character, m a 
iin dissertation published in 1736, referring to which Provost 
s, ‘‘On Ton trouve I’expose d’un systeme fort semblable k celui 
Le Sago dans ses traits pnncipaux, inais d6pourvu de cette 
i,lyse cxactc des ph^nomcnes qui fait le principal m6rite de toute 
ece tie thfioric,” Fatio su])posod the corpuscules to be elastic, 

I seems to have shown no risison why their return velocities 
ir collision with mundane matter should be less than their 
vious vtilocituis, and therefoio not to have explained gravity at 
Redeker, w(i are told by Prt^vost, had very limited ideas of the 
moabihties of great bodies, and therefore failed to explam the 
' of the proportionality of gravity to mjiss , “ he enunciated this 
r very correctly in section 15 of his dissertation, but the manner 
vhich he explains it shows that ho had but little reflected upon 
Notwithstanding these imperfections, one cannot but recognise 
this work an ingenious conception which ought to have 
)V()ked i^xamination on the part of naturalists, of whom many 
that time occupied thomsolves with the same investigation 
leed, there exists a dissertation by Segner on this subject*, 
it science took another course, and works of tbs nature gradually 
,t appreciation. Le Sago has never failed on any occasion to 
1 attention to the system of Redeker, as also to that of Fatio f.” 

Le Sage shows that to produce gravitation those of the ultra- 
indane corpuscules which strike the cage-bars of heavy bodies 
List either stick there or go away with diminished velocities 
e supposed the corpuscules to be inelastic (dur$), and pomts 

♦ De Causa gravitatis Redekeriana. 

t Le Sago was remarkably sorapulous m giving full information regarding all 
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out that we ought not to suppose them to be permanently lodged 
in the heavy body {entassds), that we must rather suppose them 
to slip off, but that being inelastic, their average velocities after 
collision must be less than that which they had before collision* 

That these suppositions imply a gradual diminution of gravity 
from age to age was carefully pointed out by Le Sage, and referred 
to as an objection to his theory Thus he says, .Done, la dur^e 
de la gravity seroit jime aussi, et par consequent la dur^e du 
monde. 

^'Riponse Concedo, mais pourvu que cet obstacle ne contribue 
pas k faire finir le monde plus promptement quhl n’auroit fini sans 
lui, il doit Stre consid4r6 comme nulf 

Two suppositions may be made on the general basis of Le Sage's 
doctnne — 


1. (Which seems to have been Le Sage’s belief) Suppose the 
whole of mundane matter to be contained within a finite space, 
and the infinite space round it to be traversed by ultramundane 
corpuscules , and a small proportion of the corpuscules coming 
from ultramundane space to suffer collisions with mundane matter, 
and get away with diminished gravific energy to ultramundane 
space again They would never return to the world were it not 
for collision among themselves and other corpuscules Le Sage 
held that such colhsions are extremely rare , that each collision, 
even between the ultramundane corpuscules themselves, destroys 
some energy^, that at a not infinitely remote past time they 
were set in motion for the purpose of keeping gravitation through- 
out the world in action for a limited period of time , and that 
both by their mutual colhsions, and by collisions with mundane 
atom,s, the whole stock of gravific energy is being gradually re- 
duced, and therefore the intensity of gravity gradually diminishing 
from age to age 

2. Or, suppose mundane matter to be spread through all space, 


* Le Sage estimated the velocity after collision to be two-thirds of the velocity 
before collision • 

t Poatlinmous TraiMde PAyj/jiMjtfioontgue, edited by Pierre Privost. Geneva 
and Pans, 1818. 

J: Newton (O^ttcr, Query 80, edn. 1721, p 873) held that two equal and similar 
amms, moving with equal velocities m contrary directions, oome to rest when thev 
stnie one another. Le Sage held the same; and it seems that writers of last 
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but to be much denser withm each of an infinitely great number of 
finite volumes (such as the volume of the earth) than elsewhere. 
On this supposition, even were there no collisions between the 
corpuscules themselves, there would be a gradual diminution in 
their gravific energy through the repeated collisions with mundane 
matter which each one must in the course of time suffer The 
secular diminution of gmvity would be more rapid according to 
this supposition than according to the former, but still might be 
made as slow as we please by pushing far enough the fundamental 
assumptions of very small diameters for the cage-bars of the 
mundane atoms, very great density for their substance, and very 
small volume and mass, and very great velocity for the ultra- 
mundane corpuscules 

The object of the present note is to remark that (even although 
we were to admit a gradual fading away of gravity, if slow enough), 
we are forbidden by the modern physical theory of the conservation 
of energy to assume inelasticity, or anythmg short of perfect elas- 
ticity, in the ultimate molecules, whether of ultramundane or of 
mundane matter, and, at the same time, to point out that the 
sissumption of diminished exit velocity of ultramundane corpuscules, 
ossential to Le Sage's theory, may be explained for perfectly elastic 
items, consistently both with modern thermodynamics, and with 
oerennial gravity 

If the gravific corpuscules leave the earth or Jupiter with less 
energy than they had before collision, their effect must be to con- 
unually elevate the temperature throughout the whole mass. The 
energy which must be attributed to the gravific corpuscules is so 
mormously great, that this elevation of temperature would be 
mfficient to melt and evaporate any solid, great or small, in a 
raction of a second of time. Hence, though outward-bound cor- 
ouscules must travel with less velocity, they must c^rry away the 
jame energy with them as they brought Suppose, now, the whole 
mergy of the corpuscules approaching a planet to consist of trans- 
atory motion ; a portion of the energy of each corpusoule which 
las suffered collision must be supposed to be converted by the 
jolhsion into vibrations, or vibrations and rotations. To simplify 
deas, suppose for a moment the particles to be perfectly smooth 
dastic globules. Then collision could not generate any rotatory 
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each of them, as we must suppose it to he, of enormously great 
mass in comparison vvith one of the ultramundane globules, and if 
the substance of the latter, though perfectly elastic, be much less 
rigid than that of the former, each globule that strikes one of the 
cage-bars must (Thomson & Tait’s Natural Philosophy^ § 301), 
come away with dimimshed velocity of translation, but with the 
corresponding deficiency of energy altogether converted into vibra- 
tion of its own mass Thus the condition required by Le Sage's 
theory is fulfilled without violating modern thermo-dynamics; and, 
according to Le Sage, we might be satisfied not to inquire what 
becomes of those ultramundane corpuscules which have been in 
collision either with the cage-bars of mundane matter or with one 
another , for at present, and during ages to come, these would be 
merely an mconsideiable minority, the great majoiity being still 
fresh with original gravific energy unimpaired by collision With- 
out enteiing on the purely metaphysical question, — Is any such 
supposition satisfactory ? I wish to point out how gravific energy 
may be naturally restored to corpuscules in which it has been 
impaired by collision 

Clausius has introduced into the kinetic theory of gases the 
very important consideration of vibrational and rotational energy. 
He has shown that a multitude of elastic corpuscules moving 
through void, and occasionally striking one another, must, on the 
average, have a constant proportion of their whole energy m the 
form of vibrations and rotations, the other part being purely trans- 
lational Even for the simplest case, — that, namely, of smooth 
elastic globes, — no one has yet calculated by abstract dynamics 
the ultimate average ratio of the vibrational and rotational, to 
the translational energy. But Clausius has shown how to deduce 
it for the corpuscules of any particular gas from the experimental 
determination of the ratio of its specific heat, pressure constant, to 
its specific heat, volume constant*'. He found that 


if 7 bo the ratio of the specific heats, and /9 the ratio of the whole 
energy to the translational part of it. For air, the value of 7 found 
by expenment, is 1*408, which makes /9 = 1’634. For steam, 
Maxwell says, on the authonty of Bankine, ^ may be as much 



72] THE ULTRAMUNDANE CORPUSCLES OF LE SAGE 75 

2 19, but this IS very uncei^tam ” If the molecules of gases aie 
Hitted to be elastic corpuscules, the validity of Clausius’ pun- 
le is undeniable , and it is obvious that the value of the ratio /3 
Lst depend upon the shape of each molecule, and on the dia- 
bution of elastic rigidity through it, if its substance is not 
nogeneous. Farther, it is clear that the value of ^ foi a sot of 
lal and similar corpuscules will not be the same after collision 
jh. molecules different from them m form or m elastic rigidity, 
after collision with molecules only of their own kind All that 
leceasary to complete Le Sage’s theory of gravity in accordance 
jh modern science, is to assume that the ratio of the whole 
^rgy of the corpuscules to the translational part of their energy 
greater, on the average, after collisions with mundane matter 
m after inter-collisions of only ultramundane corpuscules*. 
is supposition IS neither more nor less questionable than that of 
lusius for gases, which is now admitted as one of the generally 
ogmsed truths of science The corpuscular theory of gi’avity is 
more difficult in allowance of its fundamental assumptions than 
) kinetic theory of gases as at present received , and it is more 
aplete, inasmuch as, from fundamental assumptions of an 
iremely simple character, it explains all the known phenomena 
its subject, which cannot be said of the kinetic theory of gases 
far as it has hitherto advanced. 

Postscript j April 1872. 

In the precedmg statement I madvertently omitted to remark 
.t if the constituent atoms are aeolotropic in respect to perme- 
hty, crystals would generally have different permeabihties in 

* pt has been generaUy considered to be a consequence of the MaxwelLBoltzmann 
xTine of eqmpartition of energy among molecular freedoms that there can be 
T one ultimate distribution of energy m the molecule however it ib produced, 
that there remains only the question of the time it takes for the distiibiition 
eoome established Thus Maxwell has objected that on the Le Sage hypothesis 
thermal energy of the universe would become transferred to his corpuscles, 
d Kelvin here in effect puts the question whether the trend to nnifonn die- 
ution would be disturbed, if the corpuscles collided only with the atoms and 
with one another. For his objections to the general law of eqmpartition 
^ol IV. pp iSiseq. for subsequent literature of Larmor, Bakerian Lecture, 
c Boy Soc 88 a (1909) pp. 82 — 96 

The interest of the present paper, mainly histonoal, is somewhat enhanced by 
obvious incidental analogies to the behaviour of free electrons that are presented 
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different directions, and would therefore have different weights 
according to the direction of their axes relatively to the direction 
of gravity. No such difference has been discovered, and it is 
certain that if there is any it is extremely small Hence, the 
constituent atoms, if aeolotropic as to permeability, must be so, 
but to an exceedingly small degree. Le Sage's second funda- 
mental assumption given above, under the title Constitution of 
Heavy Bodiesf implies sensibly equal permeability m all direc- 
tions, even m an aeolotropic structure, unless much greater than 
Jupiter, provided that the atoms are isotropic as to permeability. 

A body having different permeabilities m different directions 
would, if of manageable dimensions, give us a means for drawing 
energy from the mexhaustible store laid up in the ultrainiindano 
corpuscules, thus — First, turn the body into a position of minimum 
weight, Secondly, lift it through any height; Thirdly, turn it 
into a position of maximum weight , Fourthly, let it down to its 
primitive level It is easily seen thaT the first and third of those 
operations are performed without the expenditure of work ; and, on 
the whole, work is done by graviby m operations 2 and 4 In 
the corresponding set of operations performed upon a moveable 
body in the neighbourhood of a fixed magnet, as much woik is 
required for operations 1 and 3 as is gained in operations 2 and 4; 
the magnetisation of the moveable body being either intrinsic or 
inductive, or partly intrinsic and partly inductive, and the part of 
its aeolotropy (if any), which depends on inductive magnetisation, 
being due either to magne-crystallic quality of its substance, or to 
its shape* 

* Theory of magneho induction m orystaUme aud non-oi 7 BtaUine substauctiH,” 
Phil Mag,^ March 1861, “Forces experienced by inductively magnetized ferro- 
magnetic and dia-magnetio non-orystallme subetanoes,” PhxL Oot. 1860 j 

“Reciprocal action of dia-magnetic particles,” Phil Mag^^ Dec. 1866; all to be 
found m a ooUection of reprinted and newly written papers on electrostatics and 
magnetism, nearly ready for publication (Macmillan, 1872) 
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I On Steam-Pressure Thermo- 
meters OF Sulphurous Acid, 
Water, and Mercury. 

)m Edinh, Boy Soti. Froo. Vol, x pp. 432 — 441 , 
read Mtu’ch 1, 1880 Reprinted m Ency Bnt 
Ed 9, article ‘Heat,’ and MatL and Fhys 
Papm^ Vol lU. pp 166—166 ] 

The fil'st annexed diagram represents 
laermometer constructed to show abso- 
i temperatuie realised for the case of 
er and vapour of water as thertno- 
jFic substance. The containing vessel 
sists of a tube with cylindric hulb like 
ordinary thermometer; but, unlike an 
inary thermometer, the tube is bent in 
manner shown in the drawing. The 
e may be of from 1 to 2 or 3 millims. 
3 , and the cylindrical part of the bulb 
hout ten times as much. The length of 
cylmdrical part of the bulb may be 
ler more than of the length of the 
jght part of the tube. The contents, 
er and vapour of water, are to be put 
and the glass hermetically sealed to 
lose them, with the utmost precautions 
)btam pure water as thoroughly freed 
a air as possible, after better than the 
j manner of instrument makers in 
;;mg cryophoruses and water hammers. 

1 quantity of water left in at the seal- 
must be enough to fill the cylindrical 
j of the bulb and the horizontal branch , 
tie tube. When m use the straight part 

l-k WSne.4" Vwrt Vr/.i'M-t-. 1 .li.— — 1 — — _ J 
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end up, and the part of it occupied by the manometric water- 
column must be kept at a nearly enough definite temperature by 
a surrounding glass jacket-tube of iced-water This glass jacket- 
tube IS wide enough to allow little lumps of ice to be dropped into 
it from its upper end, which is open By aid of an india-rubbor 
tube connected with its lower end, and a little movable cistern, 
as shown m the drawing, the level of the watei in the jacket is 
kept fiom a few mches above to a quarter of an inch below that 
of the intenor manometnc column Thus, by dropping in lumps 
of ice so as always to keep some unmelted ice floating in the 
water of the jacket, it is easy to keep the temperature of the 
top of the manometric water-column exactly at the freezing 
temperature As we shall see presently, the manometric water 
below its free suiface may be at any temperatuie from freezing 
to 10° C above freezmg without more than per cent of 
hydrostatic error. The temperature m the vapour-space above 
the liquid column may be either freezmg or anything highei\ 
It ought not to be lower than freezmg, because, if it were so, 
vapour would condense as hoar frost on the glass, and evaporation 
from the top of the liquid column would either cryophoruswise 
freeze the liquid there, or cool it below the freezing point. 

The chief object of keeping the top of the manometric column 
exactly at the freezing-pomt is to render perfectly definite and 
constant the steam-pressure in the space above it. 

A second object of considerable importance when the bore of 
the tube is so small as one millimetre, is to give constancy to the 
capillary tension of the surface of the water The elevation by 
capillary attraction of ice-cold water m a tube of one millimetre 
boie 18 about 7 millims The constancy of temperature provided 
by the surrounding iced water will bo more than auflSciont to 
prevent any perceptible error due to inequality of this effect. 
To avoid error from capillary attraction the bore of the tube 
ought to be very uniform, if it is so small as one millimetre. If 
it be three milhmetres or more, a very rough approach to uniformity 
would suffice. 

A third object of the iced- water jacket, and one of much more 
importance than the second, is to give accuracy to the hydrostatic 
measurement by keeping the density of the water throughout the 
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^ater at the freezing point is only ^ per cent, less than the 
laximum density, and is the same as the density at 8° 0 , and 
lerefore when ^ per cent is an admissible enor on our thermo- 
letnc pressure, the density will be nearly enough constant with 
ay temperature from 0° to 10° 0, throughout the column But 
a account of the first object mentioned above, the very top of 
le water-column must be kept with exceeding exactness at the 
eezing temperature 



Pig. 2. 


In this instrument the ‘^thermometnc substance” is the water 
d vapour of water in the bulb, or more properly speaking the 
rtions of water and vapour of water inWtely near their 
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of measurmg hydrostatically the fluid pressure at the interface 
When the temperature is so high as to make the pressure too 
great to be conveniently measured by a water column, the hydro- 
static measurement may be done, as shown m the second annexed 
drawing (fig. 2), by a mercury column in a glass tube, surrounded 
by a glass water jacket not shown m the drawing, to keep it very 
accurately at some definite temperature so that the density of the 
mercury may be accurately known 

The simple form of steam thermometer represented with figured 
dimensions in the first diagram will be very convenient for practical 
use for temperatures from freezing to 60° C, Through this range 
the pressure of vapour of water, reckoned in terms of the balancing 
column of water of maximum density, increases from 6'26 to 202*3 
centimetres , and for this, therefore, a tube of a little more than 
2 metres will suflSce From 60° to 140° 0. the pressure of steam now 
reckoned m terms of the length of a balancing column of mercury 
at 0° increases from 14 88 to 271*8 centimetres, and for this a tube 
of 280 centimetres may be provided For higher temperatures a 
longer column, or several columns, as in the multiple manometer, or 
an accurate air pressure-gauge, or some other means, such as a very 
accurate instrument constructed on the principle of Bourdon’s 
metallic pressure-gauge, may be employed, so as to allow us still 
to use water and vapour of water as thermometric substance. 


High-pressure Steam Thermometer. 

At 230° 0., the superior limit of Regnault’s high-pressure vstoam 
expenments, the pressure is 27*63 atmos, but there is no need for 
hmiting our steam thermometer to this temperature and pressure. 
Suitable means can easily he found for measuring with all needful 
accuracy much higher pressures than 27 atmos. But at so high a 
temperature as 140° C., vapour of mercury measured by a water 
column, as shown in the diagram (fig. 3), becomes available for 
purposes for which one millimetre to the degree is a sufficient 
sensibility. The mercury-steam-pressure thermometer, with pres- 
sure measured by water- column, of dimensions shown in the drawing, 
serves from 140° to 280° C , and will have very ample sensibility 
through the upper half of its scale. At 280° 0. its sensibility 
will be about 4J centimetres to the degree I For temperatures 

1 - - rtr»/\orN flC*. j liiP , 
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atituting mercury for water in that simplest form of steam 
rmometer shown m fig. 1, in which the pressure of the steam 
neasured by a column of the liquid itself kept at a definite 
iperature. When the liquid is mercury there is no virtue in 
particular temperature 0° 0., and a stream of water as nearly 
nay be of atmospheric temperature will be the easiest as well 
bhe most accurate way of keeping the mercury at a definite 
iperature As the pressure of mercury-steam is at all ordinary 


[ 



ospheric temperatures quite imperceptible to the hydrostatic 
when mercury itself is the balancing liquid, that which was 
ihief reason for fixing the temperature at the mterface between 
d and vapour at the top of the pressure-measuring column 
a the balancing liquid was water, has no weight in the present 
, but, on the other hand, a much more precise definiteness 
I the ten degrees latitude allowed in the former case for the 
lerature of the mam length of the manometnc column is now 

T._ _-L 1 n ^ . 
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at any atmospheric temperature produces about the same propor- 
tionate change of density as is produced in water by a change of 
temperature ftom 0° to 10° 0 , that is to say, about ^ per cent , but 
there is no difficulty in keepmg, by means of a water jacket, the 
mercury column constant to some definite 
temperature withm a vastly smaller margin 
of error than 2 2° 0 , especially if we choose for I 

the definite temperature something near the 
atmospheric temperature at the time, or the 
temperature of whatever abundant water 
supply may be available If the glass tube 
for the pressure-measuring mercury column 
b6 830 centimetres long, the simple mercury- 
steam thermometer may be used up to 620° 0,, 
the highest temperature reached by Kegnault 
in his experiments on mercury-steam. By 
usmg an iron bulb and tube for the part of 
the thermometer exposed to the high tempe- 
rature, and for the lower part of the measurmg 
column to withm a few metres of its top, with 
glass for the upper part to allow the mercury 
to be seen, a mercury-steam-pressure thermo- 
meter can with great ease be made which shall 
be applicable for temperatures giving pressures 
up to as many atmospheres as can be measured 
by the vertical height available. The appara- 
tus may of course be simphfied by dispensing 
with the Torncellian vacuum at the upper 
end of the tube, and opening the tube to the 
atmosphere, when the steam-pressure to be 
measured is so great that a rough and easy 
barometer observation gives with sufficient 
accuracy the air-pressure at the top of the 
measurmg column. The easiest, and not Eig 4 . 

necessarily m practice the least accurate, way 
of measuring very high pressures of mercury-steam will be by 
enclosmg some edr above the cool, pressure-measurmg column of 
mercury, and so making it into a compressed-air pressure-^gauge, 
it being understood that the law of compression of the air under 

' P -X •_ j.. ^ J _ 'U.r 
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iccRratc mdopendent experiments such as those of Regnanlt on 
he compreasibility of air and other gases. 

The water-steam thermometer may be used, but somewhat 
>recariously, for temperatures below the freezing-pomt, because 
mter, especially when enclosed and protected as the portion of it 
a the bulb of our thermometer is, may be cooled many degrees 
>olow its freezing-point without becoming frozen, but, not to 
peak of the uncertainty or instability of this peculiar condition 
f water, the instrument would be unsatisfactory on account of 
risufficient thermometric sensibility for temperatures more than 
wo or three degrees below the freezmg-pomt Hence, to make a 
beam therinoinetar for such temperatures some other substance 
lian water should he taken, and none seems better adapted for 
lie purpose than sulphurous acid, which, in the apparatus repre- 
snted with figured dimensions m the accompanying diagram 
ig. 4), makes an admirably convement and sensitive thermometer 
)r temperatures from + 20'=’ to somethmg far below -- 30^ 0., as we 
ie from the results of Regnault’s measurements 


To sum up, we have, m the precedmg description and drawmgs, 
complete series of steam-pressure thermometers, of sulphurous 
iid, of water, and of mercury, adapted to give absolutely defimte 
id highly sensitive thermometnc indications throughout the wide 
inge from something much below -30° to considerably above 
20° of the centigrade scale. The graduation of the scales of these 
lermometers to show absolute temperature is to be made by 
Iculation from the thermodynamic formula 


log.;;- 


t fP(l-<r)dp 


Jptc 


liere t denotes the absolute temperature corresponding to 
eam-pressnre p; to the absolute temperature corresponding 
steam-pressure pd « the latent heat of the steam per umt 
ass; p the density of the steam, and o- the ratio of J 

the steam to the density of the hquid m contact mth it 
hftn the reauisite experimental data, that is to say, the values 
cr and p/c^for different values of p throughout the r^ge for 
lich each substance is to be used aa tbermometnc fluid are 
SbL L graduation of the scales of these thermometers to 
t absolute Saperature can he performed in practice by cal- 
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been given by direct experiment for any one of the three sub- 
stances with sufficient accuracy for our thermometric purpose 
through any range whatever Water, naturally, is the one for 
which the nearest approach to the requisite information has been 
obtamed. For it Eegnault's experiments have given, no doubt 
with great accuracy, the values of p and of k for all temperatures 
reckoned by his normal air thermometer, which we now legard 
meiely as an arbitrary scale of temperature, through the range 
from - 30° to + 230°. If he, or any other experimenter, had 
given us with similar accuracy through the same range the values 
of p and cr for temperatures reckoned on the same arbitrary scale, 
we should have all the data from experiment required for the 
graduation of our water-steam thermometer to absolute thermo- 
dynamic scale. For it is to be remarked that all reckoning of 
temperature is ehmmated from the second member of the formula, 
and that, in our use of it, Regnault’s normal thermometer has 
merely been referred to for the values of pic and of 1 — cr, which 
correspond to stated values of p. The arbitrary constant of 
integration, ^ 0 , IS truly arbitrary It will be convenient to give 
it such a value that the difference of values of t between the 
freezmg-pomt of water and the temperature for which p is equal 
to one atmo shall be 100, as this makes it agree with the centi- 
grade scale m respect to the difference between the numbors 
measuring the temperatures which on the centigrade sciilo arc 
marked 0° and 100° C, Indirectly, by means of experiments on 
hydrogen gas, this assignation of the arbitrary constant of inte- 
gration would give 273 for the absolute temperature 0° 0*, and 
373 for that of 100° C., as is proved in p. 66 of the article on 
^^Heat,'' in the Bnoyclopcedia Bniannica, Meantime, as said 
above, we have not the complete data from direct experiments 
even on water-steam for graduating the water-steam thermo* 
meter , but, on the other hand we have, from experiments on air 
and on hydrogen and other gases, data which allow us to graduate 
indirectly any continuous intrinsic thermoscope according to the 
absolute scale. By thus indirectly graduating the water-steam 
thermometer, we learn the density of steam at different tempera- 
tures with more probable accuracy than it has hitherto been made 
known by any direct experiments on water-steam itself, 

Merely viewed as a continuous intrinsic thermosoope, the 
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to suit different paxts of the entire range from the lowest tem- 
peratures to tempeiaturea somewhat above 520° C., is no doubt 
superior in the conditions requisite for accuracy to every other 
thermoscope of any of the diffeient kinds hitherto in use, and it 
may be trusted more surely for accuracy than any other as a 
thermometric standard when once it has been graduated according 
to the absolute scale, whether by practical experiments on steam, 
or indirectly by experiments on air or other gases. In fact, the 
use of steam-pressure measured in defimte units of pressure, as a 
thermoscopic effect, in the steam thermometer is simply a con- 
tinuous extension to every temperature, of the principle already 
practically adopted for fixing the temperature which is called 
100° on the centigrade scale, and it stands on precisely the same 
theoretical footmg as an air thermometer, or a mercury-in-glass 
thermometer, or an alcohol thermometer, or a methyl-butyrate 
thermometer, in respect to the graduation of its scale according 
to absolute temperature. Any one intrinsic thermoscope may be 
so graduated ideally by thermodynamic experiments on the 
substance itself without the aid of any other thermometer or any 
other thermometnc substance; but the steam-pressure thermo- 
meter has the great practical advantage over all others, except 
the air thermometer, that these experiments are easily realisable 
with great accuracy instead of bemg, though ideally possible, 
hardly to be considered possible as a practical means of attaining 
to thermodynamic thermometry. In fact, for water- steam it is 
only the most easily obtained of experimental data, the measure- 
ment of the density of the steam at different pressures, that 
has not already been actually obtained by direct experiment. 
Whether or not when this lacuna has been filled up by direct 
experiments, the data from water-steam alone may yield more 
accurate thermod 3 mamic thermometry than we have at present 
from the hydrogen or nitrogen gas thermometer, — ^to be described 
in a subsequent communication to the Royal Society 
April 19, 1880) — ^wo are unable at present to judge. But when 
once we have the means, directly from itself, or indirectly from 
comparison with hydrogen or nitrogen or air thermometers, of 
graduating once for all a sulphurous acid steam thermometer, a 
water-steam thermometer, or a mercury-steam thermometer, that is 
to say, when once we have a table of the absolute thermodynamic 
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temperaturea corresponding to the different steam-pressures of the 
substances sulphurous acid, water, and mercury, we have a much 
more accumte and more easily reproducible standard than either 
the air or gas thermometer of any form, or the mercury thermo- 
meter, or any liquid thermometer, can give In fact, the aeries 
of steam thermometers for the whole range from the lowest 
temperatures can be reproduced with the greatest ease in any 
part of the world by a person commencmg with no other material 
than a piece of sulphur and air to bum it in*, some pure water, 
some pure mercury, and with no other apparatus than can be made 
by a moderately skilled glass-blower, and with no other standard of 
physical measurement of any kind than an accurate linear measuie. 
He may assume the foice of gravity to be that calculated for his 
latitude with the ordinary rough allowance for his elevation above 
the sea, and his omission to measure with higher accuracy the 
actual force of gravity in his locality can lead him into no thermo- 
metnc error which is not mcomparably less than the inevitable 
eiTom in the reproduction and use of the air thermometer, or of 
meicury or other hquid thermometers In temperatures above 
the highest for which mercury-steam pressure is not too great to 
be practically available, nothing hitherto invented but Deville^s 
air thermometer with hard porcelain bulb suited to resist the 
high temperature is available for accurate thermometry. 

The following statement is in the Enoyclopcedia Bntannica 
article ‘'Heat,'’ appended to the description of steam-pressure 
thermometeis which it contains — ‘‘We have given the steam 
thermometer as our first example of thermodynamic thermometry 
because intelligence in thermodynamics has been hitherto much 
retarded, and the student unnecessarily perplexed, and a mere 
quicksand has been given as a foundation for thermometry, by 
building from the beginning on an ideal substance called perfect 
gas, with none of its properties realised rigorously by any real 
substance, and with some of them unknown, and utterly un- 
assignable, even by guess But after having been moved by this 
reason to give the steam-pressure thermometer as our first 
theoretical example, we have been led into the preceding carefully 
detailed examination of its practical qualities, and we have thus 

* Practically, the beet ordinary ohenuoal means of preparing sulphurous aoid, 
as from sulphuno aoid, by beatmg with copper, might be adopted m preference to 
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lecome convinced that though hitherto used in scientific m- 
estigations only for fixing the “ hoiling-point and (through an 
uevitable natural selection) by practical engineers for knowing 
he temperatures of their boilers by the pressures indicated by 
he Bourdon gauge, it is destined to be of great service both in 
he strictest scientific thermometry, and as a practical thermo- 
ueter for a great variety of useful applications” 
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110 On a StrLPHUBocrs Acid Ortophoeus. 


[From Edivh Roy Soo Proo YoL x. pp. 442, 443 , read March 1, 1880 

(Abstract) ] 


The instrument exhibited to the Eoyal Society consisted of a 
U-shaped glass tube stopped at both ends, containing sulphurous 
acid liquid and steam. The process by which the sulphurous 
acid IS freed from air, which was partially exhibited to the Koyal 
Society, is as follows — 

Begm with a glass U tube open at both ends, and attach to 
each a small convenient, very fine, and perfectly gas-tight, stop^ 
cock. Placing it with the bend down m a freezing mixture, 
condense pure well-dned sulphurous acid gas direct into it from 
the generator till it is full nearly to the tops of the two branches. 
Then close the stop-cock, detach from the generator, and remove 
from the freezing mixture. Holding it still with the bend down, 
gentle heat to the bend, by a warm hand or by aid of a 
spmt-lamp, so as to produce boiling, the bubbles rising up in 
either one or the other of the two branches. Aiter doing this 
for some time let the bend cool, and apply gentle heat to the 
surface of the Hquid m that one of the branches into which the 
bubbles passed. With great care now open very slightly the 
stop-cock at the top of this branch, until the liquid is up to very 
near the top of the tube, and close the stop-cock before it begins 
to blow out Repeat the process several times, causing the bubbles 
sometimes to nse up one branch, and sometimes up the other* 
After this has been done two or three dozen times, it is quite 
certam that only a very infinitesimal amount of air can have 
remained in the apparatus. When satisfied that this is the case, 
sink the bend once more into a freezing mixture, and with a 
convenient blow-pipe and flame melt the glass tube below each 

«« 1_ J n_ 1 i1 1 1 A I ■. 
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and detach them from the stop-cocks. This completes the con- 
struction of the sulphurous acid cryophorus. 

The instrument, if turned with the bend up and the two sealed 
ends down, may be used as a cryophorus presenting interestmg 

pecuharities. 

The most interesting quahties are those which it presents 
when held with the bend down In this position it constitutes a 
differential thermometer of exceedmgly high sensibihty, founded 
on the difference of sulphurous acid steam-pressure due to 
difference of pressure in the two branches One very remarkable 
and interesting feature is the exceedmg sluggishness with which 
the liquid finds its level m the two branches when the external 
temperature is absolutely umform all round. In this respect it 
presents a most remarkable contrast with a U tube, in other 
respects similar, but occupied by water and water-steam instead 
of sulphurous acid and sulphurous-acid steam. If the U tube of 
water be suddenly inclined 10 or 20 degrees to the vertical m the 
plane of the two branches, the water oscillates before it settles 
with the free surfaces in the two branches at the same level. 
When the same is done to the TJ tube of sulphurous acid, it 
seems to take no notice of gravity, but m the course of several 
minutes it is seen that the liquid is sinking slowly in one branch 
and rising m the other towards identity of level. The reason is 

obvious. 
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111. On a Realised Sulphueous Acid Steam-Pkessure 
Thermometer, and on a Sulphurous Aoid Steam- 
Pressure Differential Thermometer, also a Note on 
Steam- Pressure Thermometers. 

[From Edi %. Roy Soo P 7 0C , VoL x pp 632 — 636 , read Apnl 19, 1880] 

A SULPHUROUS acid steam-pressure thermometer, on the plan 
described in my communication on the subject to the Royal 
Society of March 1, has been actually constructed, with range up 
to 25® C , but not yet in a permanent form. The, slight trials 
I have been able to make with it give promise that, m respect to 
sensibility and convenience for practical use, it will most satis- 
factorily fulfil all expectations, and have given some experience 
in respect to the overcoming of diflSculties of constmction, from 
which the following instructions are suggested as likely to be 
useful to any one who may desire to make such an instrument* — 

(1) The sulphurous acid steam thermometer might more 
properly be called a cryometer than a thermometer, because it 
IS not very convenient, except for measuring temperatures lower 
than the atmospheric temperature at the place and time of 
observation, for, it must be remarked, that the therinometric 
substance, that is to say, the infinitesimal layer of liquid and 
steam of sulphurous acid at the interface between the two in 
the bulb in the annexed drawing (fig. 1), must be at a lower 
temperature than any other part of the space of bulb and tube 
between it and the mercury surface in the shorter vertical 
column. It IS satisfactory, however, that the instrumenb is really 
not needed for temperatures above -f 10° 0., because for such the 
water steam-pressure thermometer, represented in the first of the 
three diagrams of my former communication, has ample sensibility 
for most practical purposes. Hence, instead of the range up to 

Oiru/*^ 11 1 1 1 1.1 -1 t 
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f tube (295 centiuaetres for the long vertical branch) which it 
equires, I propose in future to let -hlO°C be the superior limit 
f the temperatures to be measured by an ordinary sulphurous 
cid steam thermometer For this, the long vertical branch need 
.ot be more than 176 centimetres, thus the _ 

astrument is much moie easily made, and * ^ 

^hen made, is much less cumbrous. 

(2) The upper end of the long branch, 
emg open to begm with, is to be securely 
emented to a small and very perfectly alr- 
ight iron stop-cock i, communicating with 
n iron pipe, bent at right angles, as shown 
1 the drawing (fig 2). This iron pipe is, m 
be first place, to be put into commumcation 
smporanly by an india-rubber junction with 
be generator, and with an air-pump, by 
leans of a metal branch tube, with two stop- 
ocks R and S, as shown in the drawing 

(3) To begin, close R and open S and L , 
nd exhaust moderately (down to half an inch 
f mercury will suffice) Warm the whole 
mgth of the bent tube moderately by a spirit 
imp, or spirit lamps, to dry the inner surface 
iifficiently. Then, still mamtaining the ex- 
austion by the air-pump, apply a freezing 
iixture to the bulb and shorter vertical tube, 
nd all of the long vertical tube except a 
Dnvenient length of a foot or two next its 
pper end, as shown in the drawing. Before 
)ming the generator to Q, let enough of sul- 
hurous acid gas be passed out through P to 
Lear out fairly well the air from the generator 
nd the purifying sulphuric acid wash-bottles 
ad pumice tubes, &c. Then make the junction 

b Q, close the stop-cock 8 and open R very gently taking care 
ot to let air be sucked in by the safety tube of the generating 
pparatus*. Continue until hquid sulphurous acid is seen in the 

One of the Bulphnno acid wash-bottles mi^et be provided with a safety tube 
ith overflow bulb. An ordinary pipette with its stem fitted into the india-rubber 
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long vertical branch, about the top of the freezing mixture, then 
close the iron stop-cock i, disconnect at E, and remove from the 
freezmg mixture (but beware of Professor Guthrie’s cryohydrates). 
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(4) Now, place the instrument with the long straight parts 
r the tube nearly horizontal, but sloping slightly upwards towards 
, and by a hand or spirit lamp properly apphed, boil the liquid, 
le stop-cock L being still closed After boiling for some time 
xuse the liquid to occupy the whole space from T to its free 
irface, then very carefully open the stop-cock L slightly, being 
3ady to close it quickly and prevent the escape of any of the 
quid in case of sudden ebullition. ^Repeat this process over and 
vcr again two or three dozen times, so as thoroughly to remove 
tr or othei gases more volatile than sulphurous acid from the 
quid. To as much as possible remove water or any fluid less 
olatile than sulphurous acid, proceed as follows . — Apply heat at 
^ and in the bend next T until the hquid leaves that part of the 
Qclosure and stands nearly at a level in the short and long 
ertical branch, the instrument being held with A down Apply 
freezing mixtuie to T, taking care not to cool it to quite as low 
temperature as — 11® 0 , so that the pressure of the sulphurous 
oid liquid and steam may remain something above the external 
tmospheric pressure Occasionally open the stop-cock L very 
lightly to prevent the liquid from being drawn up the short 
ertical branch through preponderance of temperature m the long 
ertical branch. Continue this until about a centimetre of liquid 
as been distilled over mto the bulb T Then open the stop-cock 
/ very carefully until all the liquid in the two vertical branches 
3 blown out, leaving that which has been distilled over into the 
ulb r, and then close L agam, 

(5) Then dip the end E under pure mercury, and by openmg 
/ very gently and warming the free surface of the hquid sul- 
huroua acid, let gas escape bubbhng up through the mercury. 
Jlose L agam before or when the quantity of hquid m the bulb 
t T begins to be perceptibly dimmished Then apply a freezmg 
fixture to T until mercury is drawn m, Inchne the instrument 
n.th A up and L down, and watch until the mercury is drawn up 
0 A, then mclme with A down and let a little more mercury 
ome in. Then close L, Lastly, keeping T still in the freezmg 
aixture, melt the glass below L till it collapses and blows the 
aercury down, leaving TomcelUan vacuum at the sealed emL 
['he instrument is now complete and ready for use. 
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Sulphurous Aoid Bteam-Presmre Differential T}mmometei\ 

This consists of a U tube, with its ends bent down, as shown 
in the drawing, containing mercury m the mam bend and in the 
lower parts of the straight vertical branches, and sulphurous acid 
gas, steam, and hquid in the rest of the enclosure. Every other 
part of the enclosure must be kept somewhat warmer than the 
warmer of the two ends, T', 

The infinitesimal quantities of matter in the transitional layers, 
between hquid and steam, at T and T\ constitute the thermo- 
metric substance. The gas between 
these and the manometric mercury, and 
the mercury serve merely the purpose 
of transmitting the steam-pressures, and 
measuring the difference between them. 

At 12^® 0, the sensibility of the 
instrument, as we see by Regnault’s 
tables of sulphurous acid steam-pres- 
sures, quoted in the article '‘Heat,” of 
the eleventh volume of the JSncyclopcedia 
BntanniocLy is 7 centimetres difference 
of mercury levels, to 1° difference of 
temperature (that is temperatures 12®, 13°) at T, T respectively. 

At 22-J'° 0. the sensibility similarly reckoned, is 12‘2 cms. to V C. 



Pig. 8. 


Note on Steam-Pressure Thermometers, 

If the bore of the vertical tube is less than three or four 
millimetres, there ought to be an enlargement at its upper end, 
or else there should not be quite enough of the liquid to fill the 
tall manometric tube ; otherwise, if in the use of the instrument 
the liquid is pressed up to the top of the vertical tube, it is 
impossible to get it down again except by the tedious operation 
of distiUmg the whole liquid from the tube into the bulb, by 
applying heat by means of a spirit-lamp or a large vessel of hot 
water to the manometric tube, which, to facilitate this operation, 
may be held mclined with the closed end down. An instrument 
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380), With vertical tube of the diameter (2 oi 3 millimetres) 
lere stated is subject to this inconvenience, although, in my first 
jtempts to realise the instrument, imperfect removal of air fiom 
le water and steam in the enclosed space prevented mo fiom 
cperiencing it The difficulty, of couise, might have been fore- 
men, but I did not think it would have been so great as I now 
nd it to be with an instrument constructed exactly accoidmg to 
g 1 of my formei communication, with air veiy perfectly removed 
om the enclosure by a proper process of boiling before sealing 
le instrument 
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112 On a Differential Thermosgope founded on Change 
OF Viscosity of Water with Change of Temperature. 

[From Edinb Roy Soo. Proo VoL x p. 637 , read April 19, 1880 ] 

Water flows from a little cistern or reservoir R through a 
wide vertical tube S, about two metres long, thence through a 
horizontal capillary tube 0\ 50 or 100 centimetres long , thence 
through a wide horizontal metal tube T, 20 or 30 centimetres 
long , thence through a second horizontal capillary G ; and lastly, 
out by a little constant-level overflow cup i. A vertical glass 
manometnc tube AT, a metre and a half long, standing up above 
the end of T next G to measure the pressure in by a water 
column , and a means of givmg any uniform temperature to the 
outsides of S and C\ and any other uniform temperature to the 
outsides of T and C ' ; complete the instrument. 

Denote the heights of the levels of the water m R and M, 
above X, by h and — a?. If 0 and O' are equal and similar, or 
otherwise so proportioned as to be equal in their resistances to 
the flow of the water at equal temperatures through them, we 
find from the formula by which Poiseuille expressed the results of 
his experiments on the flow of water through capillary tubes 

_ . 03368 . i + -000221 ^ 

1 + 03368 4 (i + 0 + -000221 . + O ’ 

where t' and t denote the temperatures of the water as it flows 
through (7' and (7. By the arrangements described it is secured 
that t IS veiy nearly the same as the temperature of the outsides 
of B and 0. Thus, if A = 200 cms., If = 0°, and ^ = 1°, we have 
07 = 3*3. Thus the sensibility is 33 mms. per 1° C. , and 1/30 of a 
degree would therefore be very perceptible 

Even with its high sensibility this instrument may not be 
frequently found convenient for thermal researches, and its chief 

I’.tsn TV-irk-rr 1 11 a+t^rk -1*1 r\f DyA"! 1 11 T»v^T-iy-vi«+rt •r%4* /It c»rtr\TTAY*tT 
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113 . On a Theiimomagnetio Thermoscope, 

From Edinh Roy Soc Proc Vol x. [read April 19, 1880], pp 638, 639 ] 

This thermoscope is founded on the change produced in the 
agnetic moment of a steel magnet by change of temperature, 
iveral different forms suggest themselves the one which seems 
‘st adapted to give good results is to be made as follows — 

(1) Prepare an approximately astatic system of two thm, 
irdened steel wires, r b, r b\ each 1 cm long, one of them, r 6, 
mg by a smgle silk fibre, and the other hung bifilarly from it, 

T fibres about 3 cms. long, so attached that the projections of the 

on a horizontal plane, shall be mclmed at an angle of about 
1 of a radian (or -67°) to one another. 

(2) Hang a very small light mirror bifilarly from the lower of 
le two wires 

(3) Magnetise the two wires to very exactly equal magnetic 
loments in the dissimilar directions. This is easily done by a 
w successive trials, to make them rest as nearly as possible per- 
sndicular to the magnetic meridian. 

(4) Take two pieces of equal and similar straight steel wire, 
ell hardened, each 2 cms. long, and about *04 cm diameter; 
lagnetise them equally and similarly, and mount them on a 
iitable frame to fulfil conditions (5) and (6). Call them B B 
nd R B\ B and F denoting the ends contammg true north 
clarity (ordinarily marked B\ and R R' true south (ordinanly 
larked red). The small letters r, 6, r', V mark, on the same plan, 
tie polarities of r 6 and / b\ 

(6) The magnets R B, R' B\ are to be relatively fixed in 
tne on their frame, with similar poles next one anther, at a 
istance of about 2 cms. asunder,, as thus R R, witn 

? 5' = 2 cms. 
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(6) This frame is to be mounted on a geometrical slide upon 
the case witbm which the astatic pair r h, r' h' is hung, in such 
a manner that the Ime of R By B' R' bisects r 6, approximately at 
right angles, and that R B B' R' may be moved by a miciometer 
screw through about a millimetre on each side of its central 
position, the line of motion being the line of R By B' R\ and the 
‘‘ central position ” being that in which B and 5' are equidistant 
from the centre of r b, 

(I) A lamp and scale, with proper focussmg lens if the 
mirror is not concave, are applied to show and measure small 
deflections as in my mirror galvanometers and electrometer. 


Use of the Thermoscope 

(8) Place the instrument with the needles approximately 
perpendicular to the magnetic metidian, turning it so as to bring 
b and V to the south side of the vertical plane bisecting the small 
angle between the projections of r &, r' by and r and r' to the north 
side of it. 

(9) By aid of the micrometer screw bring the luminous image 
to its middle position on the scale. 

(10) Cause R By B' R to have different temperatures The 
lummous image is seen to move m such a direction as is duo to r 
approaching the cooler, and receding from the warmer of the two 
deflectors B Ry B^ R\ 
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114. On a Constant Pbessxjbe Gas Thermometer 


h'niii J^dinh Roy, Soo Proc Yol. x [read April 19, 1880], pp 539—545 , 
Math and Phys Papers^ Yol. ni, pp 182 — 188 ] 

In the article on Heat ’’ published in the eleventh volume 
the JRlncyolopaidia Bntanmca^ referred to m my previous com- 
Ltiioationa to the Royal Society on Steam Pressure Thermometers, 

H shown that the Constant Pressure Air Thermometer is the 
^per form of expansional tliermometer to give temperature 
the absolute thermodynamic scale, with no other data as to 
j^sical properties of the fluid than the thermal effect which it 
loriences in being forced through a porous plug, as in the 
)orLni6nt of Joule and myself on this subject*, and the thermal 
►ocity of the fluid under constant pressure These data for air, 
Irogen, and nitrogen have all been obtained with considerable 
uracy, and therefore it becomes an important object towards 
iiuotiiig accurate thermometry, to make a practical workmg 
srmometer directly adapted to show temperature on the absolute 
Tiuodynamic scale through the whole range of temperature, 
m the lowest attainable by any means, to the highest for which 
ss roixxains sobd This, I believe, may be done by avoiding the 
ectinnable expedient adopted by Pouillet and Eegnault, of 
)wmg a portion (when high temperatures are to be measured 
, greater portion) of the whole gas to be pressed into a cool 
umetric chamber, out of the thermometric chamber proper, by 
expansion of the portion which remains in, and instead fili- 
ng the condition, stated, but pronounced practically impossible, 
Eegnault {EtjapArimees, Vol. i. pp 168, 169), that the thermo- 
brio gas shall like the mercury of a mercury thermometer be 
ywed to expand freely at constant pressure in a calibrated 
srvoir maintained throughout at one temperature." I have 
ordingly designed a constant pressure gas thermometer to 

^ Thermal Effects of Fluids in Motion,’’ Trans Roy, Soc, Land , June 1853, 
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fulfil this condition. It is represented in the accompanying 
drawing, and described in the following extract from the article 
referred to — 

The vessel contaimng the thermometric fluid, which in this 
case IS to be eithei hydrogen or nitrogen* consists in the main 
of a glass bulb and tube placed vertically with bulb up and 
mouth down , but there is to be a secondary tube of much finer 
bore opening into the bulb or into the mam tube near its top, 
as may be found most convenient m any particular case The 
main tube which, to distinguish it from the secondary tube, will 
be called the volumetric tube, is to be of large bore, not less 
than 2 or 3 centimetres, and is to be ground internally to a truly 
cylindnc form. To allow this to be done it must be made of 
thick, well-annealed glass like that of the French glass-barrelled 
air-pumps The secondary tube, which will be called the mano- 
metnc capillary, is to be of round bore, not very fine, say from 
half a millimetre to a milhmetre diameter Its lower end is to 
be connected with a mercury manometer to show if the pressure 
ot the thermometnc air is either greater or less than the definite 
pressure to which it is to be brought every time a thermometnc 
measurement is made by the instrument. The change of volume 
required to do this for every change of temperature is made and 
measured by means of a micrometer screw f liftmg or lowering 

^ Common air is inadmissible, because even at ordinary temperatures its 
oxygen attaoks mercury The film of oxide thus formed would be very incon- 
venient at the surface of the mercury caulking, round the base of the piston, and 
on the inner surface of the glass tube to which it would adhere. Besides, sooner 
or later the whole quantity of oxygen in the air must be diminished to a sensible 
degree by the loss of the part of it which combines with the mercury. So far as 
we know, Rognault did not complam of this evil in his use of common air in his 
normal air thermometer nor m hie experiments on the expansion of air {Bxp^ru 
encesy Vol i ), though probably it has vitiated his results to some sensible degree, 
But he found it to produce such great irregularities when, instead of common air, 
he experimented on pure oxygen, that from the results he could draw no conclusion 
as to the expansion of this gas (Experiences, Vol i. p 77) Another reason for the 
avoidance of air or other gas containing free oxygen is to save the oil or other 
hquid which is interposed between it and the mercury of the manometer from 
bemg thickened or otherwise altered by oxidation. 

t This aorew is to be so well fitted m the iron sole-plate as to be sufiSoiently 
mercury tight Without the aid of any soft matenal, under such moderate pressure 
as the greatest it will expenence when the pressure chosen for the thermometnc 
gas IB not more than a few centimetres above the external atmospheric pressure. 
When the same plan of apparatus is used for investigation of the expansion of 
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a long solid glass piston, fitting easily in the glass tube, and 
caulked air-tight by mercury between its lower end and an iron 
sole-plate by which the mouth of the volumetric tube is closed 
To perform this mercury caulking, when 
the piston is raised and lowered, mercury 
is allowed to flow in and out through a 
hole in the iron sole-plate by an iron 
pipe, connected with two mercury cis- 
terns at two different levels by branches 
each provided with a stopcock. When 
the piston is being raised the stopcock 
of the branch leading to the lower cistern 
is closed, and the other is opened enough 
to allow the mercury to flow up after 
the piston and press gently on its lower 
side, without entering more than in- 
finitesimally into the space between it 
and the surrounding glass tube (the 
condition of the upper bounding surface 
of the merciii’y in this respect being 
easily seen by the observer looking at it 
through the glass tube). When the 
piston IS being lowered, the stopcock 
in the branch leading from the upper 
cistern is closed, and the one in the 
branch leadmg to the lower cistern is 
opened enough to let the mercury go 
down before the piston, mstead of bemg 
forced to any sensible distance into the 
space between it and the surrounding 
tube but not enough to allow it to part company with the 
lower surface of the piston. The manometer is simply a mer^^ 
barometer of the form commonly called a siphon barometer, wi 

A.. TiTBsgnres a creased leather washer may be used on the tipper 

!iaTcrtJr i^et-Cle m tte sTplate, to prevent mercnry from escaping roimd 
aide of the screw noi m ^ ^ ^ 

the screw. It is to be remw introduce any error at aU into 

. ___jj onrrnTiTJillTiff it 
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its lower end nob open to the air but connected to the lower 
end of the manometnc capillary This connection is made below 
the level of the mercury jn the following manner The lower 
end of the capillary widens into a small glass bell or stout tube 
of glass of about 2 centimetres bore and 2 centimetres depth, 
with its lip ground flat like the receiver of an air-pump The 
lip or upper edge of the open cistern of the barometer (that is 
to say, the cistern which would be open to the atmosphere were 
it used as an ordinary barometer) is also ground flat, and the two 
lips aie pressed together with a greased leather washer between 
them to obviate risk of breaking the glass, and to facilitate tho 
making of the joint mercury tight. To keep this joint perennially 
good, and to make quite sure that no air shall ever leak m, m 
C 9 se of the interior pressure being at any time less than the 
external barometric pressure or being arranged to be so always, 
it IS preserved and caulked by an external mercury jacket not 
shown m the drawmg The mercuiy m the thus constituted lower 
reservoir of the manometer is above the level of the leather joint, 
and the space in the upper part of the reservoir over tho surface 
of the mercury, up to a little distance into the capillary above, 
IS occupied by a fixed oil or some other practically vapourless 
liquid This oil or other liquid is introduced for the purpose of 
guarding against error m the reckoning of the whole bulk of the 
thermometric gas, on account of slight irregular changes in the 
capillary depression of the border of the mercury surface in the 
reservoir. 

In the most accurate use of the instrument, the gloss and 
mercury and oil of the manometer are all kept at one definite 
temperature, according to some convenient and perfectly trust- 
worthy mtrinsic thennoscope, by means of thermal appliances not 
represented in the drawing but easily imagined. This condition 
being fulfilled^ the one desired pressure of the thermometric gas 
is attained with exceedingly minute accuracy by working the 
micrometer screw up or down until the oil is brought precisely to 
a mark upon the manometric capillary 

In fact, if the glass and mercury and oil are all kept rigorously 
at one constant temperature, the only access for error is through 
irregular vanationa m the capillary depressions in the borders of 
the mercury surfaces With 
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metres chosen in the figured dimensions of the drawing, the error 
from this cause can hardly amount to per cent of the whole 
pressure, supposing this to be one atmo or thereabouts. 

For ordinary uses of this constant-pressure gas thermometer, 
where the most minute accuracy is not needed, the rule will still 
be to bung the oil to a fixed mark on the manometric capillary , 
and no precaution in respect to temperature will be necessary 
except to secure that it is approximately uniform throughout the 
mercury and containing glass, from lower to higher level of the 
mercury. The quantity of oil is so small that, whatever its 
temperature may be, the bringing of its free surface to a fixied mark 
on the capillary secures that the mercury surface below the oil 
in the lower reservoir is very nearly at one constant pomt relatively 
to the glass, much more nearly so than it could be made by direct 
observation of the mercury surface, at all events without optical 
magnifying power. Now if the mercury surface be at a constant 
point of the glass, it is easily proved that the difference of pressures 
between the two mercury surfaces will be constant, notwithstanding 
considerable variations of the common temperature of the mercury 
and glass, provided a certam easy condition is fulfilled, through 
which the effect of the expansion of the glass is compensated by 
the expansion of the mercury This condition is, that the whole 
volume of the mercury shall bear to the volume in the cylmdnc 
vertical tube from the upper surface to the level of the lower 
surface the ratio of to (X-u-), where X denotes the cubic 

expansion of the mercury and cr the cubic expansion of the solid 
for the same elevation of temperature, it bemg supposed for 
simplicity of statement that the tube is tnily cyhndric from the 
upper surface to the level of the lower surface, and that the 
sectional area of the tube is the same at the two mercury surfaces. 
The cubic expansion of mercury is approximately seven times the 
cubic expansion of glass Hence 

(\ — •Jo-)/(X — <r) = (7 — J)/6 = I'lll 

Hence the whole volume of the mercury is to he about 1 111 
times the volume from its upper surface to the level of the lower 
surface ; that is to say, the volume from the lower surface m the 
bend to the same level in the vertical branch is to be ^ ot the 
volume in the vertical tube above this surface. A special expen- 
-ict i^noniTT fn -finfl thp miantitv of mcrcurv 
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that must be put in to cause the pressure to be absolutely constant 
when the surface in the lower reservoir is kept at a fixed point 
relatively to the glass, and when the temperature is varied through 
such moderate differences of temperature as are to be found in 
the use of the instrument at different times and seasons 

A sheet-iron can contammg water or oil or fusible metal, with 
external thermal appliances of gas or charcoal furnace, or low- 
pressure or high-pressure steam heater, and with proper internal 
stirrer or stirrers, is fitted round the bulb and manometric tube 
to produce uniformly throughout the mass of the thermometric 
gas the temperature to bo measured This part of the apparatus, 
which will be called for brevity the heater, must not extend so 
far down the manometnc tube that when raised to its highest 
temperature it can warm the caulking mercury to as high a 
temperature as 40’' C., because at somewhat higher temperatures 
than this the pressure of vapour of mercury begins to be per- 
ceptible, and would vitiate the thermometrio use of the pure 
hydrogen or mtrogen of our thermometer To secure sufficient 
coolness of the mercury it will piobably be advisable to have an 
open glass jacket of cold water (not shown m the drawing) round 
the volumetric tube, 2 or 3 centimetres below the bottom of the 
heater, and reaching to about half a centimetre above the highest 
position of the bottom of the piston 

It seems probable that the constant-pressure hydrogen or 
mtrogen gas thermometer which we have now described may give 
even more accurate thermometry than Regnault’s constant- volume 
air thermometers, and it seems certain that it will be much more 
easily used in practice 

We have only to remark here further that, if Boyle's law were 
rigorously fulfilled, thermometry by the two methods would be 
identical, provided the scale m each case is graduated or calculated 
so as to make the numerical reckoning of the temperature agree at 
two points, — for example, 0® 0. and 100° 0» The very close agree- 
ment which Regnault found among his different gas thermometers 
and his air thermometers with air of different densities, and the 
close approach to rigorous fulfilment of Boyle’s law which he and 
other expenmenters have ascertained to be presented by air and 
other gases used in his thermometers, through the ranges of 
density, nressure and of ■’ 
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iiese thermometers, renders it certain that m reality the diflference 
ctween Regnault^s normal air thermometiy and thermometry 
y our hydrogen gas constant-pressure thermometer must be 
xceedingly small It is therefore satisfactory to know that for 
11 practical purposes absolute temperature is to bo obtained with 
cry great accuracy from Regnault’s tliermometnc system by 
imply adding 273 to his uumboi'S for temperature on the centi- 
rado scale, It is probable that at the temperatures of 250" or 
■00° 0. (or 523 or 573 absolute) the greatest deviation of 
emporature thus reckoned, from correct absolute temperature, 
3 not more than half a degree. 
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115 On the Elimination of Air from Water 

[Read to Phys, Soc , Proo Yol rv [May 8, 1880, title only], p, 4 ; 
reprinted from TJie Telegraphic JoimicdJ] 

Sir W Thomson made a communication on the elimination 
of air from a water steam pressure thermometer, and on the 
construction of a water steam pressure thermometer. Ho said it 
was a mistake to suppose that air was expelled by boiling water 
because the water dissolved less air when warm than when cold. 
The fact was due to the relations between the density of air in 
water, and the density of air in water vapour. There was 60 
times more air in the water vapour over water in a sealed tube 
than in the water below. If this air could be suddenly expollud 
only part of air would remain, and of this only 
water, the rest being in the vapour. This suggested a in cans 
of eliminating air from water which he had employed with 
success. It consisted m boiling the water m a tube, and by 
means of a fluid mercury valve allowing a puff of the vapour to 
escape at intervals. Sir W, Thomson also described his propostMl 
new water steam thermometer, now being made by Mr Cusella. 
It IS based on the relations of temperature and pressure in water 
steam, as furnished by Regnault’s or other tables, and will consist 
of a glass tube with two terminal bulbs like a cryophorus, part 
containmg water, part water steam, and the stem enclosed in a 
jacket of ice-cold water. Similar vapour thermometers will bo 
formed in which sulphurous acid and mercury will be used in 
place of water or m conjunction with it. For low or ordinary 
temperatures they will be more accurate than ordinary thermo- 
meters 
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116 On a method of determining the critical temperature 

FOR ANY LIQUID AND ITS VAPOUR WITHOUT MECHANISM 
[From Nature, Yol xxm Nov, 25, 1880, pp 87, 88 ] 

A PIECE of straight glass tube — 60 centimetres is a con- 
venient length — IS to be filled with the substance m a state 
of the greatest purity possible. It is to contain such a quantity 
of the substance that, at ordinary atmospheric temperatures, 
about 3 or 4 centimetres of the tube are occupied by steam of 
the substance, and the remainder liquid. Fix the tube in an 
upright position, with convenient appliances for warming the 
upper 10 centimetres of the length to the critical temperature, or 
to whatever higher or lower temperature may be desired, and 
for warming a length of 40 centimetres firom the bottom to some 
lower temperature, and varying its temperature conveniently at 
pleasure 

Commence by warming the upper part until the surface of 
separation of liquid and steam sinks below 6 centimetres from 
the top Then warm the lowest part until the surface rises 
again to a convenient position Operate thus, keeping the 
surface of separation of liquid and solid at as nearly as possible 
a constant position of 3 centimetres below the top of the tube, 
until the surface of separation disappeai^ 

The temperature of the tube at the place where the surface 
of separation was seen immediately before disappearance is the 
critical temperatuie 

It may be remarked that the changes of bulk produced by the 
screw and mercury ^n Andrews’ apparatus are, m the method 
now described, produced by elevations and depressions of tem- 
perature in the lower thermal vessel By proper arrangements 
these elevations and depressions of temperature may be made as 
easily, and in some cases as rapidly, as by the turnmg of a screw 

j nil oriH lATnfa onrl fViA QlTVi'nlint.v 
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afforded by using the substance to be experimented upon, and no 
other substance in contact with it, m a hermetically sealed glass 
vessel, are advantages in the method now described. It is also 
interesting to remark that in this method we have continuity 
through the fluid itself all at one equal pressure exceeding the 
critical pressure, but at different temperatures in different parts, 
varymg continuously from something above the critical tempera- 
ture at the top of the tube to a temperature below the critical 
temperature in the lower part of the tube 

The pressure may actually be measured by a proper appliance 
on the outside of the lower part of the tube to measure its 
augmentation of volume under applied pressure. If this is to 
be done, the lower thermal vessel must be applied, not round 
the bottom of the tube, but round the middle portion of it, 
leaving, as afready described, 10 to 20 cms above for observa- 
tion of the surface of separation between liquid and vapour, 
and leaving at the bottom of the tube 20 or 30 cms. for the 
pressure-measunng appliance. 

This apphance would be on the same general principle as that 
adopted by Prof. Tait m his tests of the Challenger thermometers 
under great pressure {Proceedings Royal Soc. Edin, 1880); a 
principle which I have myself used m a form of depth-gauge for 
deep-sea soundings; m which the pressure is measured, not by 
the compression of air, but by the flexure or other strain produced 
in brass or glass or other elastic solid. 
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117. On the Sources of Energy in Nature available to 
Man for the Production of Mechanical Effect. 


Presidential Address to the Mathematical and Physical Science Section of 
the British Association at York, Sept 1. From Biitish An^ociation 
Repoit^ 1881, pp 613 — 618 , Nature^ Yol xxiv Sept 8, 1881, pp. 433 — 
436 , Frmllin Inst, Jmm Yol, Lxxxn. Nov 1881, pp 376 — 385 
Eeprinted m Popular Lectures and Addresses^ Yol ii pp 433 — 460.] 


118. Acceleration Theemodynamique du Mouyement be 
Kotatton de la Terre. 

[From Pans Soo Pkys, SiaTiees^ 1881 [Sept. 23, 1881], pp 200 — 210, Edinh 
Roy Soc. Proc YoL xi [read Jan 16, 1882], pp. 396 — 406; Journ de 
Phys Yol I. 1882, pp 61 — 70 , Nuooo Cimmto^ Yol. XL 1882, pp 240 — 
243 , PAstronomie, YoL iv. June 1886, pp 230, 231 Reprinted in 
Math and Phys Papers^ Yol. m pp 341 — 360] 


119. On the Efficiency op Clothing for Maintaining 
Temperature 

[From Edirib, Roy, Soc Proc Yol. xii [March 3, 1884, title only], p 663 , 
Nature^ Yol xxix. April 10, 1884, p. 667.] 

Sir W. Thomson showed that if a body be below a certain 
size, the effect of clothing will be to cool it. In a globular body 
the temperature will only be kept up if the radius be greater 
than /c/2e, where h is the conductivity of the substance and e its 
emissivity. 
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120. On OSM.OTIC Pressure against an Ideal Semi- 
permeable Membrane. 

Edinb Roy Soc Proc Vol xxr [read Jan 18, 1897], pp 323 — 326, 
Nature^ Vol LV Jan 21, 1897, pp 272, 273] 

To approach the subject of osmotic piessure against an ideal 
impermeable membrane, consider first a vessel 
filled with any particular fluid divided into two 
parts, A and B, by an ideal surface, MM, Let a 
certam number of mdividual molecules of the 
fluid in A, any one of which we shall call L (the 
dissolved substance), be endowed with the pro- 
perty that they cannot cross the surface MM 
(the semi-permeable membrane) , but let them 
continue to be m other respects exactly similar 
to every other molecule of the fluid in A, and 
to all the molecules of the fluid in B, any one 
of which we shall call 8 (the solvent), each of 
which can freely cross the membrane. Suppose 
now the containing vessel and the dividing mem- 
brane all perfectly ngid*. Let the apparatus 
be left to itself for so long time that no further 
change is perceptible in the progress towards 
final equilibrium of temperature and pressure 
The pressures in A and B will be exactly the 
same as they would be with the same densities 
of the fluid if MM were perfectly impermeable, 
and all the molecules of the fluid were homoge- 
neous m all qualities , and MM will be pressed 
on one side only, the side next A, with a force equal to the 
excess of the pressure in A above the pressure in B, and due 
solely to the impacts of D molecules striking it and rebounding 
from it. 

If now, for a moment, we suppose the fluid to be '^perfect gaa,'^ 
we should fiind the pressure on MM to be equal to that which 

* In the drawing, the Teseel is represented by a cylinder closed at each end by 
a piston to facilitate the consideration of what will happen if, instead of supposing 
nma ativ arbitrary condition as to the pressures on the two aides of the ruerubraiic 
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^ould be produced by the D molecules if they were alone in the 
pace A , and this is, in fact, approximately what the osmotic 
ressure would be with two ordinary gases at moderate pressures, 
no of which is confined to the space -d by a membrane freely 
ermeable by the other On this supposition the number of the 
» molecules per unit bulk would be the same on the two sides 
f the membrane If, for example, there are 1000 8 molecules to 
ne D molecule in the space A, the pressure on the piston P 
muld be 1001 times the osmotic pressure, and on Q 1000 times 
he osmotic pressure But if the fluid be 'diquid’' on both sides 
f the membrane, we may annul the pressure on Q and reduce 
he pressure on P to equahty Tsnth the osmotic pressure, by placing 
he apparatus under the receiver of an air-pump, or by pulling Q 
utwards with a force equal and opposite to the atmospheric 
ressure on it. When we do this, the annulment of the integral 
ressure of the hquid on the piston Q is effected through balancing 
y attraction, of pressure due to impacts, between the molecules 
f the liquid 8 and the molecules of the sohd piston Q, We are 
fft absolutely without theoretical guide as to the resultant force 
ue to the impacts of 8 molecules and I) molecules striking the 
ther piston, P, and reboundmg from it, and their attractions upon 
QS molecules , and as to the numbers per umt volume of the 8 
aolecules on the two sides of MM, except that they are not 
'enerally equal [AddiUon, of date June 30, 1897 — In an mte- 
esting article published in Nature of March 18, Prof Willard 
Jibhs has shown that m the present ideal case the difference of 
ressures on the two sides of the ideal semi-perm cable membrane 
ulfi-ls van’t Hoff’s law But this is only because of the identity 
I character of the S and D molecules in all qualities except m 
espcct to action on the ideal semi-perm eable membrane and the 
lemonstration essentially fails when the law of variation of pressure 
md density, according to height, differs in two vertical tubes, one 
)f them containing S molecules alone, and the other contaming a 
nixture of 8 and D molecules ] 

No molecular theory can, for sugar or common salt or alcohol, 
iissolved in water, tell us what is the true osmotic pressure against 
1 membrane permeable to water only, without taking into account 
aws quite unknown to us at present regarding the three sets of 
cnutual attractions or repulsions- (1) between the molecules of 
hVifi fiinhqtfincp between the molecules of water. 
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(3) "between the molecules of the dissolved substance and the 
molecules of water Hence van't Hoff’s well-known statement, 
applymg to solutions Avogadro’s law of gases, has mamfestly no 
theoretical foundation at present , even though for some solutions 
other than mineral salts dissolved in water, it may be found some- 
what approximately true, while for mmeral salts dissolved in 
water it is wildly far from the truth The subject is full of 
mterest, which is increased, not dimimshed, by ehminatmg from 
it fallacious theoretical views. Careful consideration of how much 
we can really learn with certainty from theory (of which one 
example is the relation between osmotic pressure and vapour 
pressure at any one temperature) is exceedmgly valuable in 
guiding and assistmg experimental efforts for the increase of 
knowledge All chemists and physicists who occupy themselves 
With the ^'theory of solutions,” may well take to heart warmngs, 
and leading views, and prmciples, admirably put before them by 
FitzGerald in his “Helmholtz Memonal Lecture” (Trans. Chem. 
8oc., 1896) of January 1896 (pp 898 — 909). 

[Prom Nature^ YoL Lv. Jan 21, 1897, p 272 ] 

Ik last week’s Nature, Lord Rayleigh gave*, /or an involaUle 
liquid, a rigorous and clear proof of “the Central Theorem” of 
osmotics But this theorem, though highly mteresting m itself, 
18 not, so far as I can see, useful as a guide for experiment. 
Consider for example the typical cases of sugar, and of common 
salt, dissolved in water. 

If water were absolutely non-volatile, the osmotic pressure of 
each solution agamst an ideal semi-permeable membrane separating 
it from pure water, would, according to the theorem, be equal to 
the calculable pressure of the ideal gas of the dissolved substance 
supposed alone in the space occupied by the solution This would 
be true whatever be the molecular grouping of the sugar or of the 
salt %n the solution. It is believed that experiment has verified 
the theorem, extended to volatile solvents, as approximately true 
for sugar and several other substances of orgamc origin, and of 
highly complex atomic structure; but has proved it to vastly 
under-estimate the osmotic pressure for common salt and many 
other substances of similarly simple composition. 

Bblfast, Jan 19. 

♦ Vanfirs. Vol TV, T), 267.1 
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121. On a Differential Method for Measuring Differences 
OF Vapour Pressures of Liquids at one Temperature 
AND AT Different Temperatures 


[From Edinh, Roy, Soc Proc Vol xxi [read Jan 18, 1897], pp. 429 — 432 ; 
Nature^ Vol lv. Jan 21, 1897, pp 273, 274 ] 


1. Apparatus for realising the proposed method is repre- 
sented m the accompanying diagram, Two Woulffe’s bottles, 
each having a vertical glass tube fitted air- tight into one of its 
necks, contain the liquids the difference of whose vapour pressures 
is to be measured Second necks of the two bottles are connected 
by a bent metal (or glass) pipe, with a vertical branch pro- 
vided with three (metal or glass) stopcocks, as indicated in the 
diagram. Each bottle has a third neck, projecting downwards 
through its bottom, stopped by a glass stopcock which can be 
opened for the purpose of mtroducing or withdrawing liquid. 
The upper ends of the glass tubes are also connected (by short 
india-rubber junctions or otherwise) with a bent metal pipe 
carrying a vertical branch for connection with a Toopler* mercury 
air-pump. This vertical branch is provided with a metal stop- 
cock. The vertical branch of the pipe fitted into necks of the 
two bottles is also connected to the air-pump as indicated in the 
drawings. 

2. To introduce the liquids, bring open vessels containing 
them into such positions below the bottles that the necks project 
downwards into them. Close the glass stopcocks of these lower 
necks, open all the other six stopcocks, and produce a slight 
exhaustion by a few strokes of the air-pump. Then, opening the 

* An ordinary meohanioal air-pnmp would not serve the purpose, heoause its 
valves would not open properly to draw out the very small amount of air which 
must he removed to avoid vitiating the observationa by any sensible amount of 
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glass stopcocks very sbghtly, allow the desired quantities of the 
liquids to enter, and close them agam. They will not be opened 
again unless there is occasion to remove the whole or some part of 
the liquid from either bottle , and, unless explicitly mentioned, will 
not be mcluded among the stopcocks leferred to in what follows 
It will generally be convement to make the quantities of the two 
bquids introduced such that they stand at 
as nearly as may be the same levels in the 
two bottles, as indicated in the drawing 

3 Operate now on one only of the 
liquids until it is got into equilibrium, 
with its upper level at some pomt m its 
glass tube, and nobhmg but its own vapour 
between this surface and the closed stop- 
cock immediately above it To do this 
proceed as follows • — Close and keep closed 
the two stopcocks of the liquid not operated 
on, and work the air-pump with the other 
four stopcocks all open until an exhaustion, 
not quite as perfect as is possible, of the 
air over the liquid operated on is pro- 
duced. 

4, Then close the lower air-pump stop- 
cock, and go on working the pump until 
the liquid in the tube ceases to rise further 
above its level in the bottle. Close the 
two stopcocks of this liquid 

5, Cperate similarly on the other 
hquid. 

6, Close now the lower air-pump stop- 
cock, and equalise the pressures of air and 
vapour above the liquids in the two bottles 
by opening their neck stopcocks If the levels of the liquids m 
the two columns are lower than convement for observation, some 
air should be allowed very cautiously to run back from the air- 
pump mto the two bottles through the lower air-pump stopcock. 
After doing this, repeat the operation of § 4 for each liquid. 

7, The operation of §§ 4, 6 must be contmued long enough to 

— x j.'U n’P /annVi m i+a orlaaca ■fnVkO oi-p ay» 
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any foreign* volatile substance sufficiently to prevent any sensible 
pressure on the free surface other than that of the vapour of the 
solvent. 

8 By proper thermal appliances, mdicated by the dotted Imes 
in the diagram, and the lamp under the upper bent metal tube 
(inserted merely as an indication that somehow the metal tube is 
to be always slightly warmer than the warmer of the two liquid 
surfa^ces, in order that there may be no condensation of vapour in 
it), bring the npper surfaces of the liquids to any one temperature, 
or to two different temperatures. The difference of levels of the 
liquids in the two tubes, with proper correction for the densities 
of the two liquids at their actual temperatures in different parts 
of their columns, gives the difference of vapour pressures for the 
actual temperatures of the two liquids at their upper surfaces. 

9 To facilitate and approximately determine the hydrostatic 
correction for specific gravities at the actual temperatures of the 
two liquids, open wide the stopcock above the top of one of the 
two glass tubes, and let a little air run back from the air-pump, by 
very cautiously and slightly opening our upper air-pump stopcock, 
and closing it again before the liquid surface reaches the lower 
end of its glass tube Then open wide the stopcock over the top 
of the other glass tube After that, by cautiously opening and 
closing our lower air-pump stopcock, let in a little air to the bottles 
until the mean level of the liquids in the two columns rises to 
nearly the same level as it had in the observed positions of § 8. 
In the present circumstances, air m the upper bent metal tube 
resists diffusion of vapour through it sufficiently to prevent any 
important difference of temperatures from being produced by 
evaporation and condensation at the two hquid surfaces, and 
there is piactically perfect hydrostatic equilibrium of equal hquid 
pressures at the tops of the two columns. 

10 The vapour pressure of water is accuiately known through 
a very wide range of temperature from Regnault's experiments , 
hence, if pure water be taken for one of our two hquids, the mode 
of experiment described above determines the vapour piessure of 
the othei liquid 


* Compare Ostwald, VliysicO’Clieimcal Measui emenu^ tmnslated by Walker 
(Macmillan, 1892), last paragiaph, p 112 


8—2 
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11 The apparatus may be kept day after day with the same 
liquids in it (all the stopcocks to be closed, except when it is not 
in use for observations), and thus the observations for diffeience 
of vapour pressures may be repeated day after day, or a long 
series of observations may very easily be made to determine vapour 
pressures at different temperatures Always before commencing 
observations the operation of § 7 must be repeated to remove air 
or other volatile impurity, if any has escaped from dissolution in 
either liquid into the vapour space above it, or if any air has 
leaked m by the upper stopcocks 


[From Nature^ YoL ly. 1896 — 97, Jan. 28, 1897, pp 295, 296.] 

The distillation of vapour from one of the vertical tubes to 
the other, referred to at the end of Operation No. 4, in my 
commumcation published in last week’s Nature (p 273), may be 
wholly got quit of by the following simplified mode of procedure. 

Operate first on one only of the hquids until it is got into 
equilibrium, with its upper level at any convemently marked point 
in its glass tube, and nothing but its own vapom between this 
surface and the closed stopcock immediately above it , the upper- 
neck stopcock over the bottle for this liquid being also closed. 

Operate similarly on the other liquid; and close both the 
air-pump stopcocks, so that now we have all the stopcocks closed 

Open now very gradually the upper-neck stopcocks of the two 
bottles. While doing so, prevent the liquid from rising in either 
tube above the marked pomt by working the air-pump and very 
slightly opening the lowei air-pump stopcock When both the 
upper-neck stopcocks are wide open, any adjustment that is con- 
sidered desirable for the level of the liquid standing higher than 
the other in its gloss tube, may be deliberately made by drawing 
out or letting m a little air through the lower air-pump stopcock. 

Either or both liquids may be thoroughly stirred at any time 
to ensure homogeneousness by alternately exhausting and letting 
in air to the bottle or bottles by means of the air-pump and the 
lower air-pump stopcock, the upper three stopcocks being kept 
closed. 
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Operation No 6 of my aiticle on the subject, in last week’s 
Nature (p 274), must be performed as often as is found necessary 
Every one of the stopcocks must be kept closed except when it 
IS open for operation or observation 

The metal tube connecting the upper necks of the two bottles 
must be long enough, or of fine enough bore, to prevent diffugion 
of vapoui to any sensible extent from either bottle to the other 
during the time of an observation. It ought to be kept at a 
temperature somewhat higher than that of the bottles, to prevent 
any liquid from condensing as dew on its mner surface 
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[From Bntish Association Ra^ort^ 1902, pp 643 — 646; Nature^ Vol Lxvil 
Feb 26, 1903, pp 401, 402, Phil Mag Vol. v Feb 1903, i)p 198 — 202] 

A THERMOSTAT IS an apparatus, or instrument, for automatically 
maintaining a constant temperature in a space, or in a piece of 
solid or fluid matter with varying temperatures in the sur- 
rounding matter. 

Where and of what character is the thermostat by which the 
temperature of the human body is kept at about 98°’4 Fahrenheit? 
It has long been known that the source of heat drawn upon by 
this theimoatat is the combination of food with oxygen, when the 
surrounding temperature is below that of the body The discovery 
worked out by Lavoisier, Laplace, and Magnus still holds good, 
that the place of the combination is chiefly in tissues surrounding 
minute tubes through which blood circulates through all parts of 
the body, and not mainly m the place where the furnace is stoked 
by the introduction of food, in the shape of chyle, into the circu- 
lation, nor m the lungs where oxygen is absorbed into the blood. 
It is possible, however, that the controllmg mechanism by which 
the temperature is kept to 98°‘4 may be in the central parts, 
about, or in, the pumping station (the heart) , but it may seem 
more probable that it is directly effective m the tissues or small 
blood-vessels in which the combination of oxygen with food takes 
place. 

But how does the thermostat act when the surrounding 
temperature is anything above 98° 4 and the atmosphere saturated 
with moisture so that perspiration could not evaporate jErom the 
surface ? If the breath goes out at the temperature of the body 
and contains carbonic acid, what becomes of the heat of combustion 
of the carbon thus taken from the food ? It seems as if a large 
surplus of heat must somehow be carried out by the breath: 
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all over the body , and the food and drink we may suppose to be 
at the surrounding temperature when taken into the body 

Much IS wanted m the way of experiment and observation 
to test the average tempeiature of healthy persons living in a 
thoioughly moist atmosphere at temperatures considerably above 
98° 4 j and to find how much, if at all, it is above 98° 4 Experi- 
ments might also, safely I believe, be tried on healthy pei'sons 
by keeping them for considerable times in baths at 106° Fahr. 
with surrounding atmosphere at the same temperature and 
thoroughly saturated with vapour of water The temperature of 
the mouth (as ordinarily taken m medical practice) should be 
tested every two minutes or so The temperature and quantity 
and moisture and carbonic acid of the breath should also be 
measured as accurately as possible. 

P.S., December 5, 1902 Since the communication of this 
note my attention has been called to a most interesting paper 
by Dr Adair Crawford m the Philosophical Transactions for 1781 
(HutWs Abridgments, Vol xv p 147), “Experiments on the 
Power that Animals, when placed in certain Circumstances, 
possess of producing Cold ” Dr Crawford’s title expresses perfectly 
the question to which I desired to call the attention of the British 
Association, and, as contributions towards answenng it, he de- 
scribes some very important discoveries by expenment m the 
following passage, which I quote from his paper 

“The following experiments were made with a view to 
determine with greater certainty the causes of the refrigeration 
in the above instances* To discover whether the cold produced 
by a living animal, placed m air hotter than its body, be not 
greater than what would be produced by an equal mass of in- 
animate matter, Dr Crawford took a living and a dead frog, 
equally moist, and of nearly the same bulk, the former of which 
was at 67°, the latter at 68°, and laid them on flannel m air 
which had been raised to 106°, In the course of twenty-five 
minutes the order of heating was as annexed^ 


♦ Observations by Governor Ellia on 1768, teachings of Dr CnllGn prior to 
17G6 ; very daring and important experiments by Dr Eordyce on himself m heated 
rooms, communicated to the Royal Society of London m 177 , 3 contact 

t In the two following experiments the thermometers were p 

. , , „ LI 1- 4-'U« nvilloo 
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Min. 

Air 

Dead 3?iog 

Living Frog 

In 1 

o 


67^ 


102 

72 

68 

« ^ 

100 

72J, 

69i 


100 

73' 

70 

„ 26 

95 

81i 

78i 


'‘The thermometer being introduced into the stomach, the 
internal heat of the animals was found to be the same with that 
at the surface Hence it appears that the living frog acquired 
heat more slowly than the dead one Its vital powers must there- 
fore have been active in the generation of cold 

''To determine whether the cold produced in this instance 
depended solely on the evaporation from the surface, increased 
by the energy of the vital principle, a living and dead frog 
weie taken at 76°, and were immersed in water at 93°, the 
living frog being placed m such a situation as not to interrupt 
respiration^. 


Min. 

j Dead Frog 

Living Frog 

In 1 

0 

85 

0 

81 

» 2 

88^ 

85 

» 3 

90i 

87 

„ 5 

Oli 

89 

» 6 

9l| 

89 

» 8 

9l| 

89 


These experiments prove, that living frogs have the faculty 
of resisting heat, or producing cold, when immersed m warm 
water; and the experiments of Dr Fordyce prove, that the human 
body has the same power in a moist as well as in a dry air • it is 
therefore highly probable, that this power does not depend solely 
on evaporation, 

" It may not be improper here to observe, that healthy frogs, 
in an atmosphere above 70°, keep themselves at a lower tem- 
perature than the external ^ir, but are warmer internally than at 

* In ihe above experiment the water, by the cold frogs and by the agitation 
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the surface of their bodies , for when the air was 77°, a frog was 
found to be 68°, the theimometer being placed in contact with 
the skin, but when the thermometer was introduced into the 
stomach, it rose to 70^°, It may also be proper to mention, that 
an animal of the same species placed in water at 61°, was found 
to be nearly 61 1° at the surface, and internally it was 66|° These 
observations are meant to extend only to frogs living in air or 
water at the common temperatui e of the atmosphere m summer 
They do not hold with respect to those animals, when plunged 
suddenly into a warm medium, as m the preceding experiments 

'*To determine whether other animals also have the power 
of producing cold, when sui rounded with water above the standard 
of their natural heat, a dog at 102° was immersed in water at 
114°, the thermometer being closely applied to the skin under 
the axilla, and so much of his head bemg uncovered as to allow 
him a free respiration 


In 5 minutes the dog was 108“, water 112“ 


„ 6 


J) 

109“, 

„ 112“ 

,, 11 


)> 

108“, 

„ 112“, the respiration havmg become 

very rapid 

„ 13 

J) 

5» 

108“, 

„ 112“, the respiration being still more 

rapid 

„ 30 

JJ 

n 

109“, 

„ 112“, the animal then in a very 


languid state 


Small quantities of blood being drawn from the femoral 
artery, and from a contiguous vein, the temperature did not seem 
to be much increased above the natural standard, and the sensible 
heat of the former appeared to be nearly the same with that of 
the latter. 

‘'In this experiment a remarkable change was produced in 
the appearance of the venous blood , for it is well known, that in 
the natural state, the colour of the venous blood is a dark red, 
that of the arterial bemg light and florid ; but after the ammal, 
in the expenment in question, had been immersed in warm water 
for half an hour, the venous blood assumed very nearly the hue 
of the arterial, and resembled it so much m appearance, that it 
w$t8 difficult to distinguish between them. It is proper to observe, 
that the ammal which was the subject of this experiment, had 
been previously weakened by losing a considerable quantity of 
o r^Qira ViAfnrA Whpn the exneriment was repeated 
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With dogs which had not suffered a similar evacuation, the change 
in the colour of the venous hlood was more gradual , but in every 
instance in which the trial was made, and it was repeated six 
times, the alteration was so remarkable, that the blood which was 
taken in the warm bath could readily be distinguished from that 
which had been taken from the same vein before immersion, by 
those who were unacquainted with the motives or circumstances 
of the experiment 

To discover whether a similar change would be produced in 
the colour of the venous blood m hot air, a dog at 102° was 
placed m air at 134°. In ten minutes the temperature of the 
dog was 1044-°, that of the air being 130° In fifteen minutes the 
dog was 106°, the air 130° A small quantity of blood was then 
taken from the jugular vein, the colour of which was sensibly 
altered, being much lighter than in the natural state. The effect 
produced by external heat on the colour of the venous blood, 
seems to confirm the following opinion, which was first suggested 
by my worthy and ingenious friend Mr Wilson, of Glasgow 
Admitting that the sensible heat of animals depends on the 
separation of absolute heat from the blood by means of its union 
with the phlogistic principle m the minute vessels, may there 
not be a certain temperature at which that fluid is no longer 
capable of combining with phlogiston, and at which it must of 
coulee cease to give off heat? It was partly with a view to 
investigate the truth of this opimon that Dr Crawford was led to 
make the experiments recited above,” 

These views of Dr Crawford and '‘his worthy and ingenious 
friend Mr Wilson of Glasgow,” express, about as well as it was 
possible to express before the chemical discovenes of carbonic 
acid and oxygen, the now well-known truth that oxygen carried 
along with, but not chemically combined with, food in the arteries, 
combines with the earned food in the capillaries or surrounding 
tissues in the outlying regions, and yields carbonic acid to the 
returning venous blood, this carbomc acid givmg the venous 
blood its darker colour, and bemg ultimately rejected from the 
blood and from the body through the lungs, and carried away in 

* Who, no doubt, was Dr Alex Wilson, first Professor of Astronomy in the 
Umversxty of Glasgow (1760—1784), best known now for hia ingenious views 

■porrtivi/^in/T aHTi_emA+o 
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the breath. Crawford’s very important discovery that the venous 
blood of a dog which had been kept for some time in a hot- water 
bath at 112° Fahr was almost undistmguiahable from its arterial 
blood proves that it contained much less than the noimal amount 
of carbonic acid, and that it may even have contained no carbonic 
acid at all. Chemical analysis of the breath in the circumstances 
would be most interesting, and it is to be hoped that this 
chemical experiment will bo tried on men. It seems indeed, 
with our present want of experimental knowledge of animal 
thermodynamics, and with such knowledge as we have of physical 
thermodynamics, that the breath of an animal kept for a con- 
siderable time in a hot-water bath above the natural temperature 
of its body may be found to contain no carbonic acid at all 
But even this would not explain the generation of cold which 
Dr Ci’awford so clearly and pertinaciously pointed out Very 
careful experimenting ought to be performed to ascertain whether 
or not there is a surplus of oxygen in the breath , more oxygen 
breathed out than taken in. If this is found to bo the case, the 
animal cold would be explained by deoxidation (unbuming) of 
matter within the body If this matter is wholly or partly water, 
free hydrogen might be found in the breath ; or the hydrogen of 
water left by oxygen might be disposed of in the body, in less 
highly oxygenated compounds than those existing when animal 
heat is wanted for keeping up the temperature of the body, or 
when the body is djmamically doing work. 
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123. The Power required for the Thermodynamic 
Heating of Buildings*. 


[Prom Camh'idge and Dublin Mathematioal Journal, November, 1853.] 
SOLUTION OP A PROBLEM. 

{a) What horse-power would be required to supply a building with 1 lb 
of air per second, heated mechanicaDy from 50® to 80® Fahrenheit ? Compare 
the fuel that an engine producing this effect as ^ of the equivalent of the 
heat of combustion would consume, with that which would be required to heat 
directly the same quantity of air 

(i) Explain how this effect may be produced with perfect economy by 
operating on the au’ itself to change its temperature, and give dimensions <Scc. 
of an apparatus that may be convenient for the purpose 

(c) Show bow the same apparatus may be adapted to give a supply of 
cooled air 

Ex. Let it he required to supply a building with 1 lb of air per second, 
cooled from 80® to 50® Fahrenheit. Determine the horse-power wanted to 
work the apparatus m this case 

(a) Instead of heating the air directly, we can produce the 
required effect more economically hy means of a peiffect thermo- 
dynamic engine, and it is easy to show that this is the most 
economical way We will consider the air heated pound by 
pound, and sent into the building at the end of the heating 
process Generally, let T be the temperature of the unheated 
air, S the temperature to which we wish it heated. T, being the 
temperature of air, water, &c external to the building, will be 
the temperature of our refrigerator, the pound of air to be heated 
will be our source (nominally), and by workmg the engine back- 
wards instead of tak i ng away, we will give beat to the source. 

* [See “ On the Economy of the Heatmg or Ooohng of Buildings by means of 
Ourrents of Air,” Glasgow Fhtl /Soc, Pioc Deo 1852, reprmted, with an addition 
referring to Ooleihan’s refrigerating process, m Math. anA Phys. Pa;per8, Vol. I. 
Dt) 616 — 520 1 



863] 


HEATING AND REFRIGERATION OF AIR* 


126 


If a be the specific heat of air, adt units will be required to 
aise the temperature of the pound of air from ^ to ^ 4* dt, and the 
mrk which must be spent to supply this will be 


Jadt 


t-T 




Let the whole work spent upon the pound of air be denoted 
y W , then we have 

rs m 

whence 

W-Ja |(S- Ti-{t+ E-‘) log . 

Ex. 8 — 80"’, T = SO*", Fahrenheit. 

As -K IS usually given with reference to units Centigrade, we 
refer reducing to that scale. 

>8 = 26"’ 66' and 10° Cent., JS=- 00366. 

= 273 2240437, a = ’24, /=1390. 


r - 1390 X 24 {l6 66' - 283 22404 log 

= 1390 X *24 {16 66' - 16 194713} 

= 167 4438. 

As one pound of air is heated per second, the H p. of the engine 
nil be got by dividing this by 660, so that 


H.p of engine = 28626. 


If an engine (probably a steam-engine) be employed to drive 
he heating machine, and economise only ^th of the fuel, the 
lel must have evolved lOW/J units To heat the pound directly 

\S-T) units must be supplied, and x 100 gives the 


lercentage. In the particular case we have been considering, we 
nd that to heat the air by means of an engine economising 

r^ould require x 100, or 28'3l7 per cent, of the fuel required 
Dr direct heating. 


* For the formulas regarding the duty of a perfect engine, and the mechamoal 
alue of each of its cycles of operations, constantly to he employed in these solutions, 
^e refer to a paper by Piofessor W. Thomson m the Philosophical Transactiomf 
nd which annears m the nreaent nnmbpr of Tnur^mi 
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(h) Conceive two double-stroke cylinders connected by tubes 
and valves in some convenient way, with a reservoir between 
them Conceive the one to be made of perfectly conducting 
matter, so that there shall be no dilference in temperature between 
internal and external air (practically this may be approximated 
to by immemon in running water), the other cylinder must, 
on the contrary, be perfectly non-conducting The pressuie in 
the reservoir being kept at an amount depending on the required 
heating eflfect, air is admitted (doing work as it enters) by the 
former, which we shall call the ingress cylinder, and is not allowed 
to cool below atmospheric temperature It is pumped out by the 
latter, called the egress cylinder, and so heated by compression 
to the required temperature. 

After these very general explanations, we proceed to mention 
more particularly the details of this process 

Let p'y tl be respectively the atmospheric pressure and tem- 
perature, the volume of one pound of air under pressure p' and 
at tempemture if, t the temperature to which we wish the air to 
be raised, p the pressure such that, if am under it be compressed 
to pressure y, the temperature will rise from t' to t, v the volume 
of one pound of air under pressure p and at temperature t\ Vi the 
volume of air under pressure p' and at temperature t Now, by 
Poisson’s formula and by the gaseous laws we have 


(A) 


K-l 


p^p' 




from which p may be determined p must be, moreover, the 
pressure in the reservoir, as will afterwards appear. 


Volime of Cylinder, As the apparatus has to supply one 
pound of air per second, it will he convenient to suppose the 
cylinders of such a size, as to contain one pound of air at pressure 
p and temperature t\ 


Operations in Ingress Cylinder Suppose the piston at the 
top of its stroke, and the lower part of the cylinder connected 
with the reservoir, and consequently filled with air at pressure p 
and temperature f Then external air admitted above the piston 
will push it down (p' >p) In this the first part of the stroke, 
admit so much air that, when secondly it is allowed to expand at 
constant temperature we will have reached the end of the 
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oke by tlie time that the piessure has fallen to p. The lower 
rt of the cylinder having been connected with the reservoir, 
s given to the latter the pound of air it contained , and at the 
d of the down-stroke the upper part is filled with air ready to 
sent in by the up-stroke. 

In this operation it is plain that we obtain mechamcal effect, 
d we will naturally spend it, in helping to pump the air out by 
e egress cylinder. 

Operatio'tis in Egress Cylinder. Suppose, as before, the piston 
the top of its stroke, and the cylinder filled with air at pressure 
and temperature t' Duiing the whole atioke you allow air 
)m the reservoir to enter above the piston During the first 
rt of the stroke you compress the air below the piston, until 
e pressure becomes p' and the temperatuie consequently t 
len expel this heated air into the building or whatever place 
u wish to heat. 

Estimate of total work spent. 

(1) In ingress cylinder- 

ichanical effect obtained during the fimt part of the stroke 
=(p'-p) 

jchanical effect obtained during the second part 


(B) Whole gam in ingiess cylinder 

/ /I 

=^)i; logp. 

(2) In egress cylinder 
ichanical effect spent during compression 



p'rix _ 

^ + 1 ' virj 
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(0) Whence whole work spent m egress cylinder 

, , K t-t' 

Since 

(D) Amount of work spent m both 

, , K t-t' , V ^ 


Eatios of expansion 
in the first cylinder, 

-y I + i I ^ 

m the second cylinder, 

1 

ih _ + t']K-i 

A slight consideration will shew, that the rates of the cylinders 
must be the same if we consider them as of the same size, and as 
each contains one pound of air at pressure p and temperature 
the rate will evidently be 30 double strokes per minute. 

Let h be the height of the cylinder, and f the radius of the 
base , then volume of cylmder = 'y = 7rr® A, and if Fo be the volume 
of a pound of air under pressure p' and at 0° Cent., 

(E) v'=V,{l^Et'\ 

V ji r,(i +^o- 

V 


* Modifying tins by means of the formulas 



K 

K-\ and (E), 


we find the following as equivalent • 


to - log , 

whioh becomes identical with the expression given m division (a) when we sub- 
IS. 

stitnte for g — - Sp' Vq the value Ja, which it must have m consequence of the 

relation between the specific heats of air and the mechanical equivalent of the 
thermal unit eatabhshed m another paper in this number of the Journal. 
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The preceding formulas give us the means of calculating 
readily the most useful results. 

We will take as an example, to supply a building with one 
pound of air heated mechanically from 60° to 80° Fahr (solved 
before, in question (a)). We have then i' = 10° C, ^ = 26 6' 0., 
^=•00366, 273*22404, 2114 pounds per square foot. 

jK'= 1‘41. Then, by (A), 


jf) = 2114 


141 

283-22404X41 

299-89071; 


= 1736'6189-2114x 8214848 


= 2114x 


All these forms are useful, 


1 217308* 


Volume of cylinder. 


^;'=Fo(1 + 10A^) 

= 12*383 X 1*0366 = 12-836218. 


pv=p'v'. V =%' = 1-217308 X 12-836218. 


Volume of cylinder 

= i; = 15-6256. 

A practically useful height of cylinder might be 4 feet, the cor- 
responding diameter to which is 2-2302 feet. 

Again, we have, amount of work spent in heating in this way 
one pound of air (D) 

_ -S' , 4-6^' + * 


K-1- 


A’-i-t-f 


■p'v'log-, 


X 2114x12-836 


299-89071 

283-22404' 


-2114x12-836 log 1-217308 
= 6491-54-6336-03 


= 155-61 estimated in foot pounds. 

As one pound must be supplied per second, H.P. of engine required 
to drive the apparatus = -2827. This result ought, inasmuch as 
this apparatus possesses all the qualifications of a nerfent, 
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to be identical with the answer found in division (a) of this 
problem , we howevei find a difference of 0034 between the two, 
due to the circumstance that the number 24 which we employed 
as the value of the specific heat of air in the previous solution, 
also 1 41 for K m this, are only approximately tiue , but the true 
H P to two significant figures is 28. 

Ratios of Expansion In first cylinder 
v'lv = 8214848, 

so that 3 2859 feet of the stroke passed while air was being 
admitted at pressure 2114, and '71406 feet m allowmg this to 
expand to pressure of receiver. 

In second cylinder 

v,lv = '869826, 

or 5207 feet of the stroke was spent in compressing the air from 
pressure p to pleasure p' or 2114, the remaining 3 4793 feet m 
expelling it. 

(c) The first suggestion, we believe, of an apparatus for 
cooling buildings by compressing air, was to pump in air into 
a reservoir and allow it to cool to the temperature of the atmo- 
sphere, on the supposition that if then allowed to rush out by 
means of a stopcock, it would, in consequence of the expansion, 
fall in temperature. Unfortunately however for this scheme, it 
has been found that there is only an almost imperceptible depression 
of temperatuie (after motion ceases m the air) due to a want of 
perfect rigour in Mayer*s hypothesis. The friction of the air in 
the orifice &c. almost entirely compensates for the cold of 
expansion 

The appaiatus described in (i>) can, however, be veiy simply 
applied 

Instead of allowing the air to rush out, and thus heat itself 
by friction, let it out slowly, and make it work a piston in a 
double-stroke cylinder, and we shall not only obtain the full 
benefit of the cold of expansion, but also gam so much work as 
to make the H.P. of the engine required to drive the apparatus a 
mere trifle. 

The working of the apparatus, however, will not be so simple 
as in the last case, for as we are to use the same apparatus, we 
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cannot make the cylinders hold one pound of air, and cannot even 
have the pistons moving at the same rate. 

Let p' and bo the atmospheric pressure and temperature 
respectively, v* the volume of either cylinder, t the tempei'ature 
of the cooled air, p the pressure in the receiver, which will be 
such that if air at pressure p and temperature t' be allowed to 
expand to pressure p' the temperature will become t, v the 
volume under pressure p of a quantity of air, which under 
pressure j/ would fill the cylinder, there being no change of 
temperature, Vi volume under pressure p and temperature t\ of a 
quantity of air which would fill the cylinder under pressure p' 
and at temperature t 

K 
A'-l 


(AO 


p ^ 4 f 


Operations in Ingress Cylinder. Suppose the piston at the 
bop of its stroke, the cylinder full of air at ordinary pressure. 
A,dmitting external air above the piston, push the piston down 
intil the air below is compressed to pressure p, the temperature 
leing kept constant , and then send this compressed air into the 
eservoir. 


Operations in Egress Cylinder^ In the first part of the 
troke allow so much air to outer the cylinder from the reservoir, 
hat if allowed to expand in the romaiiung part of the stroke, 
he pressure and temperature at the end will be p^ and t 
Bspectivoly. 

In Ingress Oylindei\ Work spent in compressing air from p' 
> p (temperature constant) 

^p^v^ log - — 'y)‘ 

^ork spent in sending the air into the receiver 
(B') Total expenditure per stroke in first cylinder 

In Egress Cylinder. Mechanical effect gained in partially 
ing the cylinder from reservoir 
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Mechanical effect gained during the rest of the stroke 

(O') Total gain per single stroke 
yii' i] , 


pV + f ,1 , , , [E-^ + t' 


, , K H-t 


RaUos of Expansion, In ingress cylinder, 

K 
V 

v''~'p + 

In egress cylinder, 

^ f 

It would be a matter of no difficulty to give generally the 
number of pounds each cylinder would contain, and also the 
rate of each piston, but it would only tend to confusion of 
symbols, as we should have to take in the ^*s, fs, and of (6), 
as well as those of this case , we will give these details in the 
example, which is 

t' = 80° Fahrenheit = 26*6' Cent , t = 60° Fahrenheit =5 10 Cent., 
p' of course 2114, height of cylinder, as before, 4 feet, and con- 
sequently, diameter 2*2302 feet. 

From (A^) we have jp = 2114 x 1 217308 pounds per square 
foot. 

In (b) we found volume of cylmder = 16 6256 = according to 
our present notation. 

From (BO we have total expenditure per single stroke in 
ingress cylinder 

=2j'v'log^=pVlog^ 

= 1'217308 X {the gam m ingress cylinder m (6)} 

= 64 , 96 - 69 . 
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From (0^ we have total gam per single stroke in egress 
cylinder 

= 1*217308 X (loss in egress cylmder in (i)} 

= 6684 9. 


Ratios of Eccfpaiision 
and in egress 


In ingress cylinder 
8214848, 

= *869826, 


as in the example attached to (6). 


Let X be the number of pounds the first cylinder contains at 
pressure (2114), and at temperature t' (26*6' Cent ). 


Volume of x pounds = 12*383% (1 + JE' x 26*6) = volume of 
cylinder ~ 12 383 (1 + JE x 10) x 1 217308, as we found in {h ) , 
lienee 


_283 22404 
^"■299-890n 


1'2]7308 = 1149656. 


Number of single strokes per second 

= X-' = -8698348. 

Number of double strokes per minute 

= 26-095044. 


In the second cylinder, let be the number of pounds con- 
jained by it at p' (2114) and t (10° Cent.), we easily obtain 

= 1-217308 

Number of strokes per second 

= /-*= 8214848. 

Number of double strokes per mmute 

= 24-644644 


iVhole work spent per second in ingress cylinder 
«6496-69/x» 6660-036. 

iVhole mechanical effect gained per second in egress cylinder 
= 6684-9/x' = 6491-64. 

Petal motive power required 

* 6660-086 — 5491-64 = 158-496 ft pounds per second. 

TpTifpi TTP nf ftnoinA rAninrod to HnvA ttiA ATmft.rAtns c= ‘SRS 
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OOSMICAL AND GEOLOGICAL PHYSICS. 

124. Recent Investigations of M. Le Verrieb on the 
Motion of Mercury. 


[From Qlaag, Phil 8oc Proo VoL iv [read Deo 14, 1859], pp. 263 — 266] 

Professor W. Thomson stated that he had had his attention 
called, a few days since, to recent investigations of M Le Verner 
on the motion of Mercury, which, he believed, would interest the 
Society, not only as constituting a new step of high importance 
in the theory of the planetary motions, but as now affording that 
kmd of evidence of the existence of matter circulating round the 
Sun within the earth’s orbit, which, more than five years ago, m 
publishing his theory of meteoric vortices* to account for the 
Sun’s heat and hght, he had called for, from perturbations to bo 
observed in the motions of the known planets. M Le Vcrrier, 
m a letter to M. Faye, published in the Oomptes Rend us for 
September 12, 1869, which contains his account of the investiga- 
tions referred to, writes as follows — 

You have not perhaps forgotten how, in my studies regarding 
the motions of oui planetary system, I have encountered difficulties 
in the way of establishing a complete agreement between theory 
and observation. This agreement, said Bessel, thirty years ago, 
18 always aflSrmed, yet has never been hitherto verified in a 
sufficiently serious manner. 

''The study of the difficulties offered hy the Sun has been 
long and complicated. It has been necessary, in the first place, 

♦ On tlie Mechanical Energies of the Solar System,’^ by Prnfedpor W. 
Thomson — Transactwns of the Poyal Society ^ JEdiiiburghj and Philosophical 

’’LMnnnrtima 
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revise the catalogue of the fundamental stars, so as to leave no 
stematic error there I have next taken up the whole theory 
the inequalities in the Earth’s motion, in connection with 
hich I have been led to discuss as many as 9,000 observations of 
le Sun, made in different observatories This work has shown 
lat the meridian observations may not always have had the 
ecision which has been attributed to them, and that thus the 
screpancies at first indicated as belonging to the theory must be 
jected, because of uncertainty as to the obseivations, 

'‘The theory of the Sun’s apparent motion once put beyond 
aestion, it became possible to resume, with advantage, the study 
" the motion of Mercury. It is this woik on which I wish now 
) engage your attention 

“While for the Sun we possess only meridian observations 
able to gieat objections, we have, for the planet Mercury, a 
irtain number of observations of an extremely accurate characber, 
lade in the course of a century and a-half I mean the internal 
^ntacts of the disc of Mercury with the disc of the Sun, at the 
nd of a transit of that planet. Provided that the place of 
bservatioii is well known, and provided that the observer has 
ad a passable telescope, and a clock showing time within a few 
iconds of perfect accuracy, his observation of the instant of the 
rteinal contact ought to afford an estimate of the distance 
etwocri the centres of the two bodies, with no error exceeding a 
3Cond of aic From 16*97 to 1848, we havo twenty-one obsor- 
ations of this kind, which ought to be perfectly satisfied if the 
'Crturbations in the motions of the Earth and Mercury have been 
mil calculated, and if correct values have been attributed to the 
isturbing masses. 

“The results of my first studies on Mercury, published in 
842, did not represent with great accuracy the transit obser- 
ations Among other discrepancies was to be remarked a 
irogressive error in the transits of the month of May, reaching 
.s much as nine seconds of arc in the year 1753, Deviations 
uch as this could not be attributed to errors of observation; but 
lot having revised the theory of the Sun, I believe that I ought 
0 abstain from drawing any conclusion from them, 

“ 'fhe use of the corrected tables of the Sun has not, however, 
n mv new work made these discrenancies annear, — systematic 
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discrepancies for which the observations cannot be blamed, unless 
we suppose that such astronomers as Lalande, Cassmi, Bouguer, 
&c , could have committed errors amounting to several minutes 
of time, and even varying progressively from one epoch to 
another ^ 

‘'Now, what IS remarkable is, that it sufiBces to augment by 
38" the centenary movement of the perihelion of Mercury’s orbit 
to represent all the transit observations to within a second, and 
most of them even to less than half a second. This result, so 
precise and simple, which gives at once to all the comparisons an 
accuracy superior to that which has been hitherto attained in 
astronomical theories, shows clearly that the increase m the 
motion of the perihelion is necessary, and that when made to 
fulfil this condition, the tables of Mercury and the Sun possess all 
desirable accuracy.” 

M. Le Vemer proceeds in his letter to examine the different 
suppositions by which it may be attempted to explam the per- 
turbation in Mercury’s motion, which he has thus discovered 
An mcreeise of -j^^th on the supposed mass of Yenus would account 
for it , bub the periodical distuibances in the Earth’s motion, and 
the secular vanabion of the inclination of the Earth’s axis to the 
plane of the ecliptic produced by Venus, do not allow any such 
change in our estimate of her mass On the other hand, a planet 
revolving round the Sun, inside Mercury’s orbit, might produce 
precisely the variation in the perihelion to be explained, without 
sensibly disturbing the motions of Venus, the Earth, or any of the 
superior planets M Le Verrier shows, for instance, that a planet 
equal m mass to Mercury, and revolving in a circular orbit in 
the same plane, at a little less than half the distance from the 
Sun, would fulfil these conditions , and, therefore, that a less mass 
in a larger orbit, or a greater mass in a smaller orbit, would do 
the same But, considering that so large a mass could scarcely 
have escaped observation, either in its transits across the Sun’s 
disc, or by its own bnlhant illumination, which would render it 
visible to us during total eclipses of the Sun, even if, on account 
of its nearness to the Sun, not ordinarily seen as a morning and 
evening star alternately, M Le Vemer thinks it most probable 
that the disturbing mass consists in reality of a series of oorpilscules 
oi roll In Inner hptwGPn thft Sun and Merenrv 
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Here, then, by a profound appreciation of purely astronomical 
data, the gi'eat French physical astronomer, leaving those remote 
regions wheie, independently of our own countryman, Adams, he 
tracked the unseen planet by its disturbing influence on the 
remotest body of the then known list, has been led to conclude 
that the innermost of the recognized planets is also disturbed by 
planetaiy matter, not pieviously reckoned among the influencmg 
masses of our system Is this new planetary matter, like the 
other till discovered by its influence, unseen? Surely, on the * 
contrary, it is it that we see as the Zodiacal Light, long before 
conjectured to consist of a cloud of corpuscules ciiculating round 
the Sun, and, m the dynamical theory of the Sun’s radiation, 
supposed to contain the reserve of force from which this Earth, 
as long as it contmues a fit habitation for man as at present 
constituted, is to have its fresh supplies of heat and light 
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126 On the Variation of the Periodic Times of the 
Earth and Inferior Planets, produced by Matter 

FALLING INTO THE SUN, 


[From Qla&g Phil Soc Proo , Vol iv [read J^in 4, 1860], pp 272-274] 

It may te remarked, m the first place, that the absolute effect 
on the periodic time of Mercury, producible by such a distribution 
of planetary matter as M Le Verrier concludes must circulate 
between Mercury and the Sun, is not discoverable The true 
mean distance of Mercury from the Sun is not, in fact, known with 
sufficient accuracy to allow us to judge whether or not the central 
force corresponding to its periodic time, when compared with the 
forces expenenced by the other planets, deviates from the law of 
inverse squares of distances from the Sun^a centre to such an 
extent as must be the case if M* Lc Verrier’s disturbing planetaiy 
matter is altogether inside Mercury’s orbit. But it does not 
follow that the periodic time of Mercury, or even that of Venus, 
and the Earth, may not be sensibly influenced by the falling m 
of portions of that matter to the Sun To discover the general 
chai'acter of this influence, and to estimate its amount, wo may 
first consider the resultant force experienced by a planet under 
the joint influence of the Sun and a concentric circular ring in 
the plane of its orbit It is easily seen that the Sun's force must 
be dinunished by the attraction of the ring, if this lies outside the 
planet, but, on the contrary, increased, if inside. If the radius 
of the ring be very small m comparison with the distance of the 
planet, it is clear that to a first approximation the attraction of 
the ring may be calculated by supposing its mass collected at its 
centre. The full expression for the resultant attraction of the ring, 
being the following convergent series . — 
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(6) Conceive two double-stroke cylinders connected by tubes 
and valves in some convenient way, with a reservoir between 
them. Conceive the one to be made of perfectly conducting 
matter, so that there shall be no difference in temperature between 
internal and external air (practically this may be approximated 
to by immersion in running water), the other cylinder must, 
on the contrary, be perfectly non-conductmg The pressure in 
the reservoir being kept at an amount dependmg on the required 
heatmg effect, air is admitted (doing work as it enters) by the 
former, which we shall call the ingress cylmder, and is not allowed 
to cool below atmospheric temperature It is pumped out by the 
latter, called the egress cylinder, and so heated by compression 
to the required temperature. 

After these very general explanations, we proceed to mention 
more particulaily the details of this process 

Let p', if be respectively the atmospheric pressure and tem- 
perature, -y' the volume of one pound of air under pressure p' and 
at temperature i', t the temperature to which we wish the air to 
be raised, p the pressure such that, if air under it be compressed 
to pressure p\ the temperature will rise from i to t, v the volume 
of one pound of air under pressure p and at temperature if, the 
volume of air under pressure p' and at temperature t Now, by 
Poisson's formula and by the gaseous laws we have 


(A) 


K-1 

+ if _ fp\ ^ 


p^p' 


[E-^ + t] 


from which p may be determined, p must be, moreover, the 
pressure in the reservoir, as will afterwards appear 


Volume of Oyhnder, As the apparatus has to supply one 
pound of air per second, it will be convenient to suppose the 
cylinders of such a size, as to contain one pound of air at pressure 
p and temperature t' 


Operations in Ingress Cylinder Suppose the piston at the 
top of its stroke, and the lower part of the cylmder connected 
with the reservoir, and consequently filled with air at pressure p 
and temperature t' Then external air admitted above the piston 
will push it down (p'>p) In this the fimt part of the stroke, 
admit so much air that, when secondly it is allowed to expand at 
constant temperature we will have reached the end of the 
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1848 This being about 624 of Mercury's revolutions round the 
Sun we may take ?i=624j and we find by the preceding expression 
13|" as the effect on the helio-centric longitude of the planet 
This will amount to nearly 8^^' of geo-centric arc — an error which 
could not possibly have escaped detection in the veiy thorough 
investigation which M Le Vemer has applied to the motion of 
Mercury. It may be concluded that if matter has been really 
falling in at the rate supposed by my dynamical theory of the 
solar radiatiouj the place from which it has been falling must be 
either nearer the Sun or more diffused from the plane of 
Meicury’s orbit than we have supposed m the preceding example. 
With a view to determming whether this theory is tenable or not, 
it will be necessary to consider whether the appearances presented 
by the zodiacal light, and the photo-sphere seen round the Sun 
in total eclipses, allow us to find a place for a sufficient future 
dynamic supply without supposing a denser distribution of 
meteors or meteoric vapours than is consistent with what we 
know of the motion of comets before and after passing very close 
to the Sun 
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126 . Physical Considerations regarding the possible Age 
OP THE Sun's Heat. 

[From Bnt Assoc Report^ 1861, pt. ii pp. 27—28 j Phil Mag YoL xxiil 
Feb 1862, pp. 158 — 160 lucorporated in Popular Lectures and 
Addresses^ Yol i. pp 349—368] 

The author prefaced his remarks by drawing attention to 
some principles previously established. It is a pnnciple of 
UTeversible action in nature, that, although mechanical energy 
is indestructible, there is a umversal tendency to its dissipation, 
which produces gradual augmentation and diifusion of heat, 
cessation of motion, and exhaustion of potential energy, through 
the matenal universe." The result of this would be a state of 
umversal rest and death, if the universe were finite and left to 
obey existing laws But as no limit is known to the extent of 
matter, science points rather to an endless progress through an 
endless space, of action mvolving the transformation of potential 
energy through palpable motion into heat, than to a single finite 
mechanism, runmng down hke a clock and stopping for ever It 
IS also impossible to conceive either the begmnmg or the con- 
tinuance of life without a creating and overruling power. The 
author's object was to lay before the Section an application of 
these general views to the discovery of probable limits to the 
periods of time past and future^ durmg which the sun can be 
reckoned on as a source of heat and light The subject was 
divided under two heads 1, on the secular cooling of the sun ; 
2, on the origm and total amount of the sun’s heat. 

Part I. On the Secular Cooling of the Sun, 

In the first part it is shown that the sun is probably an incan- 
descent liquid mass radiatmg away heat without any appreciable 
compensation by the mflux of meteoric matter. The rate at which 
heat is radiated from the sun has been measured by Herschel and 
Pomllet independently , and, according to their results, the author 
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estimates that if the mean specific heat of the sun were the same 
as that of liquid water, his temperature would be lowered by 1 4° 
Centigrade annually. In considering what the sun’s specific heat 
may actually be, the author first remarks that there are excellent 
reasons for believing that his substance is very much like the 
earth’s For the last eight or nme years, Stokes’s principles of 
solar and stellar chemistry have been taught in the public lectures 
on natural philosophy in the Univeisity of Glasgow , and it has 
been shown as a first result, that there ce? tainly is sodium in the 
sun's atmosphere. The recent apphcation of these principles in 
the splendid researches of Bunsen and Knchhoff’ (who made an 
independent discovery of Stokes’s theory), has demonstrated with 
equal certainty that there are iron and manganese, and several 
of our other known metals in the sun The specific heat of each 
of these substances is less than the specific heat of water, which 
indeed exceeds that of every other known terrestiial solid oi 
liquid It might therefore at first sight seem probable that the 
mean specific heat of the sun’s whole substance is less, and voiy 
certain that it cannot be much greater, than that of water. But 
thennodynaniic leasons, explained in the paper, lead to a very 
different conclusion, and make it piobable that, on account of the 
enormous pressure which the sun’s interior bears, his specific heat 
is more than ten times, although not more than 10,000 times, 
that of liquid watei. Hence it is probable that the sun cools by 
as much os 14° C in some time more than 100 years, but less than 
100,000 years. 

As to the sun’s actual tempeiature at the present time, it is 
remarked that at Ins surface it cannot, as we have many reasons 
for believing, bo incomparably higher than tempei'atures attainable 
artificially at the earth’s surface. Among other reasons, it imiy 
be mentioned that ho radiates heat from every square foot of his 
surface at only about 7000 horse-power. Coal burning at the 
rate of a little less than a pound per two seconds would generate 
the same amount ; and it is estimated (Rankine, Pnme Movers, 
p. 285, edit. 1859) than in the furnaces of locomotive engines, 
coal burns at from 1 lb, in 30 seconds to 1 lb in 90 seconds per 
square foot of grate-bars. Hence heat is radiated from the sun 
at a rate not more than from fifteen to forty-five times as high as 
that at which heat is generated on the grate-bars of a locomotive 

■PiTi-vT-knnQ TV3r* amial Arpvnjy 
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The mtenoi temperature of the aun is probably far higher 
lan that at the surface, because conduction can play no sensible 
art in the tmnsference of heat between the inner and outer 
ortions of his mass, and there must be an approximate oonveotive 
^uilibrium of heat throughout the whole , that is to say, the 
nnperatures at ditferent distances from the centre must be 
pproximately those which any portion of the substance, if earned 
om the centre to the surface, would acquire by expansion without 
)ss or gain of heat 

ART II, On the Ongin and Total Aniomt of the Sniis Heat, 

The sun being, for reasons referred to above, assumed to be 
a incandescent liquid now losing heat, the question naturally 
jcurs, how did this heat originate ? It is certain that it cannot 
ave existed in the sun through lui infinity of past time, because 
5 long as it has so existed it must have been suffering dissipation, 
ad the finiteness of the sun precludes the supposition of an infinite 
rimitive store of heat in his body. The sun must therefore either 
ave been created an active souice of heat at some time of not 
nmeasurable antiquity by an overruling decree, or the heat 
hich he has already radiated away, and that which he still 
ossesses, must have been acquired by some natural process 
illowing permanently established laws Without pronouncing 
le former supposition to be essentially incredible, the author 
isumes that it may bo safely said to be in the highest degree 
nprobable, if, as he believes to bo the case, we can show the latter 
) be not contradictory to known physical laws. 

The author then reviews the meteoric theory of solar heat, and 
lows that, in the form in which it was advocated by Helmholtz^, 

IB adequate, and it is the only theory consistent with natural 
,ws which is adequate to account for the present condition of the 
m, and for radiation continued at a very slowly decreasing rate 
uring many millions of years past and future But neither this 
or any other natural theory can account for solar radiation con- 
nuing at anything like the present rate for many hundi^ed millions 
^ years. The paper concludes as follows It seems therefore, 
1 the whole, most probable that the sun has not illuminated the 

• Popular Lecture delivered at KSmgsberg on the occasion of the Kant com- 
emoratiori, February 1854. 
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earth for 100,000,000 years, and almost certain that he has not 
done so for 500,000,000 years As for the future, we may say 
with equal certainty that mhabitants of the earth cannot continue 
to enjoy the light and heat essential to their life for many million 
years longer, unless new sources, now unknown to us, are prepared 
in the great storehouse of Creation.’’ 


127. On the Convective Equilibrium of Temperature 
IN THE Atmosphere 

[From Manche&i&r Phi Soc Proo Vol. n. 1860 — 1862 [Jan 21, 1862], pp. 
170 — 176, reprmted m Math mid Pity 8 Papeu^ Vol m art xcu. 
pp 256—260] 


128. On the Age of the Sun’s Heat. 

[From Marniillwri} 8 Magadne^ Vol v March 1862, pp 288 — 393 , repnnted 
in Popidav LecUires and Addresses^ Vol i. pp 349 — 368 ] 


129. On the Rigidity of the Earth. 

[From Glrng, Phi Soo Proc Vol v. [read March 26, 1862], pp 169 — 170 ; 
Roy Soo Proo Vol. xii 1862 — 1863 [read May 15, 1862, abstract], pp 
103 — 104; Phd. Tram Vol OLHi 1863, appendix added Jan. 2, 1864, 
pp 673—582, Phil, Mag, 1 (A xxv Feb 1863, pp. 149—161; Math and 
Phys, Papm^s^ Vol iii art xcv. pp. 312 — 336 Reprmted m Thomson 
and TaiFs Natural PhiloBophy^ §§ 832 — 849,] 


130. On the Secular Cooling of the Earth. 

[Fi’om Edinh Roy, Soo Proo, Vol, iv [read Apr. 28, 1862], pp 610 — 611, 
JEdinh Roy, Soo. Tram. Vol. xxin. 1864, pp 167—170; Phil. Mag 
Vol. xxv. Jan 1863, pp. 1—14; Edinh, New Phil Joum, VoL xvi. 1862, 
pp. 161—162 Reprinted m Math and Pkys Papers.^ Vol iiL art. xciv 
pp 296 — 311 , Thomson and Tait’s Natural Philo8o^hy^ Appendix D ] 
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1 SUR LE ReFROIDISSEMENT SfiCULAIRE J)V SOLEIL De 
LA TeMPI^RATURB ACTUELLE DU SoLEIL. De L’OrIGINE ET 
DE LA Somme totam de la Chaleur solaire 


•om Les Ifondes in 1863, pp. 473 — 480, translated from Ko 128 sujpraj 
Hitting an introduction given m No 120 mp'aj which is an oarlier draft ] 


I. Su7' le ref I oidissemert siciikvire du Soleil 

Do combien le Soleil s’est-il i*efroidi d'annde en ann^e, si tant 
) qu’il se soifc lefroidi^ Nous n’avone aiicun moyen de le d6- 
ivrir ou de Tdvaluei, memo approximativoinent. D'abord, nous 
savons m6me pas s’il perd r^ellemcnt sa chaleur, car il esh 
’tain que quelque chaleur est engendrde dans son atmosphere, 
r Tinfluence do la matiJ^ro m6t4orique, et il est possible que la 
nme de chalour ainsi engendrde d’ann^e on annde suffise k 
npenser la perte caus4e par le rayonnemcnt, Il est possible 
8 S 1 quo le Soleil soit encore aujourd*hui une masse liquide 
jandescento, rayonnant de la chalour, pnmitivoment cr4^e ou 
nmuniqu4e ii sa substance, ou bien, ce qui semble beaucoup 
IS probable, eugendr6e par la chute incessante des mdtdores 
adant les 4ges 6coul6s. 

Il a ddj^i 6td d6montr^ que, si la premiere supposition 4taib 
Ld6e, les m4t(5ores qui auraient produit la chaleur solaire durant 
vingt ou trente derniers si^cles auraient dfl, pendant tout ce 
)s do temps, se trouver trhs en dedans de Tespace compris entre 
Terre et le Soleil et qulls ont dfi s’approoher du corps central, 
d^crivant des spirales de plus en plus resserr^es, parce que si 
quantity de matifere n^cessaire k produire Teffet thermique dont 
I’agit 6tait venue des regions situ^es au del^ de I’orbite terrestre, 
longueur de Tann^e se serait trouv^e trfes-sensiblement diminu6e 
c ces additions incessantes k la masse du Soleil. Dans cette 
pothfese, la quantity de matike absorb^e annuelloment a dA 
e un quarante-septi^me de la masse de la Terre ou m qmnze- 
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m%lhoiii^ 7 ne de la masse du Soleil II faiidrait done snpposer que 
la masse de la lumifere zodiacale s*61&ve k un cmq-millifeme au 
moins de la masse du Soleil; pour expliquer de la meme manike 
rapprovisionnement de chaleur solan e pour les trois mille ans k 
venir. Lorsque ces conclusions furent publiees pour la premiere 
fois, on fit lemarquer qu’il fallait ^tudier Ics perturbations du 
mouvement des planfetes ''visibles'’ comme pouvant fournii les 
moyens d'6 valuer la somme probable de matifeie de la lumieie 
zodiacale, et Ton crut, a priojn, qu’elle serait loin de suffire k 
iin approvisionnement de chaleur pour trente mille anndes, au 
taux actuel de la ddpense Ces desiderata ont etd, jusqu’ii un 
certain point, remplis par M Le Verrier En effet, ses grandes 
recherches sur le mouvement de Mercure ont r^cemment r6v614 
Texisbence d’une influence sensible qu’on ne peut attribuer qu’ii 
la matifere qui circule sous forme d’ast^roides innombrables entre 
Forbite de Mercure et le Soleil Mais la somme de matibre mise 
en Evidence pai cette thdorie est tres-petite, et, par cons6queiit, 
SI la chute de matiferes m6t^oriques eat rdellement la source d’une 
partie appreciable de la chaleur rayonnante, il faut admettre que 
cette matifere circule autour du Soleil de trfes-faibles distances 
de sa surface. Mais la density de ce nuage m4t4orique ne serait- 
elle pas tellement grande que les cometes n'auraient pas pu la 
traverser sans 6prouver une resistance qui auiait modifi6 sensible- 
ment leur marche quand leur distance au Soleil n’aurait plus etd 
qu’un trentihme du rayon solaire? Tout bien conaid6re, il semble 
peu probable que la perte de chaleur solaire par rayonnement 
soit compens^e, d’une manibre appreciable, par la chaleur pro- 
venant de la chute des m^t^ores, pour le moment du moms ; ot 
comme on ne peut pas trouver davantage cette compensation dans 
quelque action chimique, on est conduit k conolure quo le plus 
probable est que le Soleil n’est aujourd’hui qu'une masse incan- 
descente liquide en. cours de refroidissement. 

Il eat done trfes-important de connaltre de combi en il so 
refroidit d’annde en ann6e, mais nous sommes totalement in- 
capables de rdsoudre aujourd’hui cette question. Il est vrai que 
nous avons des dorm^es sur lesquelles nous pourrions baser une 
Evaluation probable, et desquelles nous pourrions dEduire, avec un 
certain degrd de confiance, des limites assez rapprochEes, entre 
lesquelles doit se trouver la vraie loi du refroidissement du Soleil, 
^ ^ irxf, mais coucor- 



63] TEMPEBATUEE AND ORIGIN OF SOLAB HEAT 


147 


nlos, d’Herschel et de Pouillet, que le Soled rayorme chaque 
ii4o de toute sa suiface environ 3 x 10“ fois (3 suivi de 30 zdros) 
chaleur auffisante pour dlever de 1° 0 la temperature d’un 
ograinmo d’eau. Noua avons ausei de fort bonnes raisons de 
)iro que la substance du Soled ressemble beaucoup k cede de 
Torre. Les principes de Stokes sur la constitution chimique 
Soled et des dtodes ont et^ expos4s depuis plusieurs ann4es 
iiH I’univorsitd de Glasgow, et on y a enseign4, comme premier 
udtut, (j[uo Ic sodium existe certainement dans ratmosphbre du 
led et dans codes de plusieurs dtoiles, quoiqu’d y en ait dans 
iqucllos on ne piiiase pas le ddcouvnr. La nouveUe appbcation 
cos principes, dans lea magnifiques rechercbes de Bunsen et de 
irchhoff (qui ont fait uue d4couverte mddpendante de la tb4orie 
Stokes), a d4inoutrd, avec une 4gale certitude, qu’d existe dans 
Soled du for et du manganese et plusieurs de nos autres 
4taux. La chaleur apecifique de chacune de ces substances est 
oindre quo la chaleur spdcifique de I’eau, qui, en effet, d4passe 
lie de tout autre coips terrestre, solide ou hquide II pourrait 
me, »\ premibre vue, paraitre probable que la chaleur spdcihque 
oytiiine do touto la substance solaire est moindre que cede de 
■an. i‘t d est certain ciu’ede ne saurait gtre beaucoup plus grande. 

ello dtait dgalo h celle de I’eau, d n’y aurait qu’h diviser le 
liffre prbeddent (3 x donnb par Herschel et Poudlet, par le 

imbro do kilogrammes de la masse du Soled (2 2 x 10“) pour 
Oliver l”-4 0. comme cbiftre annuel du refroidissement actuek 
Humblerait done probable que le Soled se refroiit de plus dun 
!gr4 ot quatre dixibmes (centigrade) par an, et il paralt 
,rtain qu’il ne se refroidit pas moms Mais si ce calc^ est just^ 
i serait 4galement fondd k supposer que VewpansibthM du So 
ir la chaleur ne doit pas beaucoup (M4rer de cede ® *1 

itro corps terrestre. Si, par exemple, la ddatatmn du Soled 
ait 4gale h cede du verre sohde, laquede est dun quarante- 
ilLibm^e du volume, et d’un cent-vingt-midihme du diambtre, par 
mi centigrade (et pour les hquides, surtout k des tempdmtmes 
Sies ce fhiffre est beaucoup plus considdrable), et si la chaleur 
Sue « celle de I’eau h l’4tat hquide, il s’opbrermt d^^ 
a^btre du Soled, au bout de 860 ans, une contraction 
>ur cent qui n’aurait pas 4chapp6 aux observations astro- 
ZiaL Mais il y a encore une plus forte raison de croire qu d 
5 pit a’gtre op4r4 une telle contraction, et, par consbquen , 
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soup^onner que les circonstances physiques dc la masse solaire 
rendent la condition des substances qui le composent, relativc- 
ment k la dilatation et h la chaleur sp6cifique, bien dift‘6ionte do 
celie des mdmes substances lorsqu'on les traite dans nos laboia- 
toires. La gravitation mutuelle entre les diverses parties do la 
masse du Soleil, durant la contraction, doit prodmre une quantity 
de travail que Ton ne saurait calculer avec certitude, parco quo 
Ton ne connait paa la loi de la density int4neure du Soleil La 
quantity de travail produit par une contraction d’un dixifemo pour 
cent du diam^tre, si la density demeurait umforme dans tout 
Tintdrieur, serait, ainsi que I’a d6montr6 Helmholtz, 6gale ii vmgt 
mille fois T^quivalent m6camque correspondant la sommo 
de chaleur 6man4e du Soleil en un an, d’aprfes les calculs do 
M. Pouillet. Mais en i4alit6 la density du Soleil doit augmonter 
consid4rablenient vers son centre, et probablement dans des pro- 
positions trfes-variables, k mesure que la temperature s'abaisse et 
que la masse se contracte. On ne pent done pas dire si le travail 
fait par la gravitation mutuelle durant une contraction dhin 
dixi^me pour cent du diametre serait plus ou moms grand que 
r^qmvalent correspondant h vmgt mille fois la chaleur annuello, 
mais nous pouvons admettre comme trbs-probable quhl ne serait 
pas beauGOup de fois plus grand ou plus petit. Or, il est de toute 
improbabxlitd que T^nergie m^canique puisse, en aucune fayon, 
augmenter dans un corps qui se contracte par le froid. II est 
certain qu'on r4alit6 eile diminue notablement, d’apr^s toutes les 
experiences faites jusquhci, II feut done supposer que le Soleil 
perd, par le rayonnement, une quantity de chaleur plus grande que 
celle qui correspond k l'4qui valent m4canique de Joulo, d4duit du 
travail op6r6 dans la contraction de sa masse par la gravitation 
mutuelle des parties De 1^ il faut conclure qu’en se contractant 
d’un dmhme pour cent de son diamfetre, ou des troia dixi^mes 
pour cent de son volume, le Soleil doit rayonner un peu plus, ou 
trfes-peu moins, de vingt mille fois sa chaleur annuelle, Amsi, 
m^me sans la preuve historique de rmvariabilit6 de son diamfetre, 
il parait juste de conclure qu^aucune contraction, au del^ de un 
pour cent en 860 ans, n'a pu r^ellement avoir lieu. Il semble, 
au contraire, probable que, d’apr^s la somme actuelle do rayonne- 
ment, une contraction d^un dixibme pour cent ne saurait avoir 
lieu en beaucoup moins de 20,000 ans et qu’il serait ^ peine 
possible qu elle ait lieu en moms de 8600 ans, Si done la chaleur 
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,p6cifique moyenne de la masse solaire, dans son 6tat actuel, n’est 
)a 3 plus de dix fois celle de I’eau, la dilatation en volume doit ^tre 
nfdrieure h un quatre-millifeme par degr4 centigrade (c'est-^-dire 
noins d’un dixiferae de celle du verre solide), ce qui semble 
mprobable Mais quoique, d’aprfes ces considerations, nous soyons 
imends h penser comma probable que la chaleur specifique du 
ioleil depasse de beaucoup dix fois celle de Teau (et que par 
jonsequent sa masse pcrd beaucoup moms de 100 degres en 700 
ms, conclusion presque inevitable pour de simples raisons geolo- 
fiques), les pnncipes de physique sur lesquels nous nous basons ne 
lous fournissent aucun motif de supposer que la chaleur specifique 
lu Soleil soit plus de dix mille fois celle de Teau, parce que nous 
le pouvons pas dire que sa dilatation cubique soit probablement 
luperieure ^ un quatre-centibme par degre centigrade. Et il y a 
mcore, d’autre part, de puissant es raisons de croire que la chaleur 
ipecifique est reellement bien mferieure k ces dix mille fois. Car 
1 est presque certain que la temperature moyenne du Soleil est 
mjourd’hui de quatorze mille degres centigrade, et la plus grande 
juantite de chaleur que nous puissions supposer, avec quelque 
irobabilite, acquise naturellement par le Soleil (comme on le 
^erra dans un troisieme paragraphs), n'aurait pu eiever sa masse 
i une telle temperature k aucune epoque, k moms que sa chaleur 
ipecifique n’eflt ete mferieure k dix imlle fois celle de Teau 

Nous pouvons done admettre comme fort probable que la 
jhaleur specifique du Soleil est plus de dix fois et moms de dix 
mile fois celle de Teau a retat liquide. II s^ensuivrait done, avec 
iertitude, que sa tempdrature s^abaisse de 100 dogres pendant une 
luree de 700 k 700,000 ans. 

Que faut-il done penser, par exemple, de revaluation gdologique 
mi compte 300 millions d’annees pour la denudation du Weaid 2 
Lt-il plus probable que Vdtat physique de la matidre solaire 
iiffdre mille fois plus de la matibre que nous dtudions, que la 
iynamique ne nous autorise k le supposer, et qu’une mer orageuse, 
ddee de mardes d’une extreme violence, doit ronger une falai^e 
ialcaire mille fois plus rapidement que ne restime M. Darwin, 
IVii trouve un pouce par sibcle? 
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II. De la temperature acttielle du Soleil 

A sa surface, la temperature du Soleil ne saurait, pour pliisieurs 
raisons, etre incomparablement plus eievee que la temperature que 
nous pouvons obtemr dans nos laboratoires 

Entre autres raisons on pent donner celle-ci que le Soleil 
rayonne de la chaleur de chaque pied carre de sa surface avec une 
force de sept nulle chevaux seulement. La bouille, brfllant sur le 
pied dun peu moms d'un kilogramme en quatre secondes, donnerait 
la meme force, et il a ete trouve (Rankine, Premiers moteurs, 
p 286, Edimbourg, 1852) que dans les foyers des locomotives le 
charbon se consume depuis une livre par trente secondes Jusqu’^l 
une livre en quatre- vingt-dix secondes par pied carr4 de grille. 
De \k on conclut que le Soleil rayonne de la chaleur avec une 
intensity de qumze k quarante-cinq fois la chaleur d’un foyer de 
locomotive k surfaces 4gales. 

La temperature int4rieure du Soleil est probablement beaucoup 
plus 41ev^e que celle de la surface, parce que la conduction directe 
ne pent jouer auctm rdle appreciable dans la transmission de la 
chaleur entre les parties interieures et ext4neures de la masse, et 
il doit exister un 6quihbre de convection approximatif k travers 
toute la masse, si la masse est fluide Ce qui revient k dire que 
les temperatures, k diflferentes distances du centre, doivent Stre 
approximativement celles que toute portion de la substance, portee 
du centre k la circonference, acquerrait par Texpansion, sans perte 
ni gam de chaleur, 

III. De V engine et de la somme totals de la chaleur solaire, 

Le Soleil etant, par les raisons donnees ci-dessus, suppose un 
hquide incandescent perdant aujourd’hui sa chaleur, il se presente 
une question toute naturelle: quelle est Tongine de cette chaleur? 
Il est certam qu’elle ne pent pas avoir existe dans le Soleil depuis 
un temps infim, puisque tant qu'elle a existe elle a subi une 
deperdition, et le Soleil etant un corps fini, ce fait exclut la 
supposition qu'il y ait en ltd une source pnmitive mfinie de 
chaleur. Le Soleil doit done avoir ete cree comme source active 
de chaleur quelque epoque d'une antiquite calculable, par quel- 
que decret tout-puisaant, on bien la chaleur qu’il a d&jk rayoimee, 
et quhl conserve encore, doit avoir ete acquise par quelque moyen 
natural, suivant une loi fixe. Sans aflSrmer que la premiere 
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hypothec soit absolument mcroyable, on pent dire, avec assez de 
s4curit(^, qu’elle est improbable an plus haut degr^, si ron pent 
d^montrer que la seconde n^est pas en opposition avec les lois 
physiques connues Nous aliens le d^montrer et faire plus, en 
mdiquant simplement certames actions, s'op4rant aujouid.’hui sous 
nos yeux, et qui, si dies ont 4t^ suffisamment fr^quentes k quelque 
4poqiie pass6e, ont dd donner au Soleil une chaleur suffiaante pour 
expliquer tout ce que nous savons de son rayonnement pass4 et de 
sa temperature actuelle. 

II n’est pas ndcessaire, pour le moment, d’entrer dans de longs 
details sur la thdone rndteorique, qui parait avoir etd enonede sous 
une forme ddfinie pour la premiere fois par Mayer et ensuite par 
Waterston, ni sur Thypothfese modifiee des tourbillons m4teoriques, 
dont rauteui de ce memoire a ddmontre la ndcessite, pour que la 
longueur de rannde, telle qu’elle est du moms depuis deux mille 
ans, n’ait pas dtd sensiblement altdree par les accroissements qu'a 
dli Bubir la masse du Soleil pendant cette penode, si la chaleur 
rayonnee a toujours dtd compensee par celle due k Imflux 
metdorique 

Par suite des raisons enoncees dans la premiere partie de cet 
article, on pent croire mamtenant que toutes les thrones de com- 
pensation m^tdorique contemporame, complete ou k peu prfes 
complde, doivent 6tre rejet^es, mais on pent cependant toujours 
eupposer que: V action mdioriqne ,,n^e(Giste pas seulement comme 
une cause de la chaleur solaire^ mais que d est la seule de toutes les 
causes concevables dont noits connaissoyis V existence par des preuves 
independantes. 

La thdorie mdt^orique qui parait aujourd'hui la plus probable, 
et qui fut d’abord discutde selon les vrais principes de la thermo- 
dynamique par Helmholtz, consiate supposer que le Soleil et sa 
chaleur tiront leur origme de Tagglom^ration de corpuscules 
tombant ensemble par Teffet d*une gravitation mutuelle, et 
d^veloppant, conform^ment k la grande loi d4montr4e par Joule, 
une chaleur dquivalant exactement au mouvement perdu dans 
leur collision. 

Qu’une th^orie m6t6orique de quelque nature soit certame- 
ment la vraie et complete explication de la chaleur solaire, 
e’est oe dont on ne saurait douter, en consid^rant les raisons 
suivantes * 
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1 Aucune aufcre explication naturelle, except^ Taction chi- 
mique, ne pent se concevoir, 

2. La throne d’une action chimique est tout k fait insuffi- 
Bante, parce que Taction la plug dnergique que nous connaissions, 
s’op4rant entre des substances equivalant k toute la masse du 
Soleil, ne d6velopperait que trois mille ann^es de chaleui , 

3 Au moyen de la th4one m^tdonque on pent, sans difficult^, 
rendre raison de vingt millions d'ann^es de chaleur. 

On serait entraind dans des calculs math^matiques trop longs 
si on voulait expliquer compl^tement sur quels pnncipes est 
fondle la dernifere dvaluation Qubl suffiae de dire que des corps, 
tons moindres que le Soleil, tombant ensemble d’un 6tat de repos 
relatif, et k des distances mubuelles considerables eu 4gard k lours 
diamfetres, et formant an globe d’une density umforme, 6gale en 
masse et en diamfetre au Soleil, ddvelopperaient une somme de 
chaleur qui, calcul4e d’aprfes lea pnncipes et les experiences de 
Joule, s^est trouv^e dtre justement vingt millions de fois la 
somme annuelle de rayonnement 6valu^e par Pouillet. La density 
du Soleil doit, selon toute probability, s’accrottre considyrablement 
vers son centre, et par consequent il faut supposer qu'une bien 
plus grande somme de chaleur a dli Stre engendr^e si aa masse 
entifere s^est formte par Tagglomyration de corps comparativement 
petits D'un autre cdtd, nous ne savons pas combien de chaleur 
a pu se perdre par la rysistanco et avant Tagglomyration finale , 
mais il y a lieu de croire que m§me la ryunion la plus rapide que 
nous puissions concevoir n^a pu donner au globe qui en est rysiilty 
qu'^ pen pr^s la moitiy de la chaleur entire due i la somme 
d’^nergie potentielle de la gravitation mutuelle qui s'est ypui86e. 
Nous pouvons done accepter comme le chiffre le plus bas de la 
chaleur imtxale du Soleil dix millions de fois la chaleur d’une 
ann^e actuelle, mais cmquante ou m^me cent millions de fois 
sont possibles, en consyquence de la plus grande density du Soleil 
dans ses parties centrales. 

Lea considerations dyveloppyes plus haut, concemant la 
chaleur spycifique possible du Soleil, la loi de son refroidissement 
et sa tempyrature superficielle, font supposer, avec beaucoup de 
probability, qu’il a it ^tre sensiblement plus chaud il y a un 
million d'annyes, par consyquent, que a'il a existy comme corps 
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lumineux pendant dix ou vingt millions d’ann6es, il doit avoir 
perdu, par le rayonneraent, beaucoup plus qu’il n’en perd annuelle- 
ment aujourd'hui 

II semble done, k tout prendre, fort probable que le Soleil 
n’a pas 4clair^ la Terre durant cent millions d ann4es, et il eat 
presque certain qu’il ne Ta pas fait pendant cinq cents millions 
dann^es. Pour ce qui est de Tavenir, on pent dire, avec une 
6gale certitude, que les habitants de la Terre ne pourront con- 
tinuer a jouir de la lumiere et de la chaleur essentielles k leur 
existence pendant plusieurs millions d'ann4es encore, k moms que 
des sources aujouid’hui mconnues ne soient pr6par6es dans la 
grande reserve de la creation. 
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132 . The Nathbe of the Sun’s Magnetic Action 
ON THE Earth 

[Note ou two paragraphs of Mr C Chambers’ paper from l^hih Tram. 

Yol. OLni 1863, pp 616, 616.] 

If the sun were a magnet as intense on the average as the 
earth, the magnetic force it would exert at a distance equal to 
the earth’s, or, let us suppose, 200 radii, would be only gooiooo 
of the earth’s surface magnetic force in the corresponding position 
relatively to its magnetic axis Considering, therefore (according 
to the prmciples explamed by Mr Chambers), the sun as a magnet 
having its magnetic axis nearly perpendicular to the ecliptic, we 
see that, with an average intensity of magnetization equal to the 
earth’s, the effect of reversing the sun’s magnetization would be 
to introduce, m a direction perpendicular to the ecliptic, a dis- 
turbmg force equal to about sooiooo earth’s average polar 

force, and would therefore be absolutely insensible to the most 
dehcate teixestnal magnetic observation yet practised. A dis- 
turbing force of this amount, acting perpendicularly to the direction 
of the terrestrial magnetic force about the equator, would produce 
a disturbance m declination of only half a second, and the sun’s 
magnetization would therefore need to be 120 times as intense as 
the earth’s to produce a disturbance of in decimation even by a 
complete reversal m the most favourable circumstances. These 
estimates appear to me to give strong evidence in support of the 
conclusion at which Mr Chambers has arrived by a careful exami- 
nation of the disturbances actually observed, that no effect of the 
sun’s action as a magnet is sensible at the earth. 

The same estimates are applicable to the moon, her apparent 
diameter bemg the same as the sun’s. It is of course most 
probable that the moon is a magnet j but she must be a magnet 
thousands or millions of times more intense than the earth to 
produce any sensible effect of the character of any of the observed 
terrestnal magnetic disturbances 
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133 On the Elevation of the Earth’s Surface Tempera- 
ture PRODUCED BY UNDERGROUND HeAT 

[From EdM, Roy Soc Proc Vol v 1866 [read Maich 21, 1864], 

pp 200, 201 ] 

Peclet found, by his own experiments, that a body with any 
common unpolished non-metalho surface, kept by heat from 
within at I'’ higher temperature than that of the air and other 
objects round it, loses heat from each square metre of surface at 
the rate of about nine kilogramme-water thermal units per hour, 
or, which IS the same, cf a gramme-water umt from each 

square centimetre per second The mean conductivity of the 
three Edinburgh strata, m which Principal Forbes’s underground 
thermometers were placed, is 2J gram- water units per second per 
square foot per I*" per foot rate of variation of temperature, as 
I have shown previously*. 

That of the Greenwich stratum is 2*6, m terms of the same 
units, according to Professor Everett’s recent reductions; and that 
of certam strata (clay and sand) in Sweden is 1‘64, according to 

o 

Angstrom (Poggendorff’s Annalen, last volume of 1861). The 
mean of these three numbers is 2*33, which, reduced to the unit 
of conductivity founded on the gramme-water-second-centimetre 
units, IS *005 Taking this, therefore, as an average conductivity 
in the earth’s upper crust, we find that if the temperature in- 
creased downwards at the rate of 1° per 20 centimetres, the 
quantity of heat lost by conduction outwards would be :f^th , 
and therefore, according to Peclet’s result, this would keep the 
surface just I"* warmer than it would be if there were no conduction 
of heat from withm Hence, to warm the surface to 10° Fahr. 
above what it would be if there were no conduction from within, 

* Trans JS.i5.JB, Apnl 1860, “ On the Bednotion of ObservationB of Under- 
ground Temperature,” § 42. 
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the rate of rise of temperature must be 1'' l^^ihr pt*r 2 (a^nti- 
meties, or 0656 of a foot (whicli would probably d<'Hi,roy the roots 
of iiny large tree oi plant), but at all oventa could not, as I havt‘ 
shown*, be the I’cal condition of the earili at any tinu‘ later than 
about 180 yeais after even a greater heating (7000" Ifahn) of tin* 
whole globe than the greatest wo can suppose it at all prolKibh* 
the earth ever experienced Hence it is curtain that tin* climate 
can never have been sensibly influoncod from the earliest ‘\gt‘o- 
logicar’ era by underground heat This conelusion was Htatisl in 
§ 17 of the paper already referred to “ On the Secular (looling td‘ 
the Earth/’ as rendered certain by a rough gcmu’al knowledgt‘ of 
the circumstances, without any approach to an acciimti^ (‘stimate 
of the absolute amount of radiation. 

We now see, farther, that the present rate of undergrouml 
rise of temperature, estimated at 1° Fahr. per 50 foot, is only 
T^th of that which is requiiod to warm the auzdace by J", Hcuco 
the surface is only about -y^th of V Fahr. warmer at present than 
it would be if tliere were no supply of heat from within. 

♦ Tians n S JS , April 1862, “On the Secular Cooling of tho Earth,” g IH. 
[No, 180 supra ] 


134. The “Dootkine of Unifobmitv ’’ in Gkowkiy 

BRIEFLY REFUTED. 

[From Edmib, Roy Sob. Proo Vol. v, 1866 [road Dec. 18, 1865], pp, 61S, 613; 
reprinted in Popular Leoturea and Addrmoa, Vol. ii. pp. 6—9.] 
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136 On the Physical Cause of the Submergence and 
Emergence of Land during the Glacial Epoch, 

[Note on Mr OrolPs paper on thi8 subject from Fhil Mag YoL xxxi, Apiul 
1866, pp 305, 306 , quoted m Popular Lectures and Addresses^ YoL li. 
pp 320--- 323.] 

Mr Croll’s estimate of the influence of a cap of ice on the 
sea-level is very remarkable in its relation to Laplace’s celebrated 
analysis, aa being founded on that law of thickness which leads 
to expressions involving only the first term of the senes of 
“LaplaCe^s functions,” or ''spherical harmonics.” The equation 
of the level surface, as altered by any given transference of solid 
matter, is expressed by equating the altered potential function 
to a constant This function, when expanded in the senes of 
spherical harmonics, has for its first term the potential due to 
the whole mass supposed collected at its altered centre of gravity. 
Hence a sphencal surface round the altered centre of gravity is 
the first approximation in Laplace’s method of solution for the 
altered level surface, Mr Croll has with admirable tact chosen, 
of all the arbitrary suppositions that may be made foundations 
for rough estimates of the change of sea-level due to variations 
m the polar ice-crusts, the one which reduces to zero all terms 
after the first in the harmomc series, and renders that first ap- 
proximation (which always expresses the essence of the result) 
the whole solution, undisturbed by terms irrelevant to the great 
physical question. 

Mr Croll, in the preceding paper, has alluded with remark- 
able clearness to the effect of the change m the distribution of 
the water in increasmg, by its own attraction, the deviation of 
the level surface above that which is due to the given change in 
the distribution of solid matter. The remark he makes, that it 
IS round the centre of gravity of the altered solid and altered 
liquid that the altering liquid surface adjusts itself, expresses the 
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essence of Laplace's celebrated demonstration of the stability of 
the ocean, and suggests the proper elementary solution of the 
problem to find the true alteration of sea-level produced by a 
given alteration of the solid As an assumption leading to a 
simple calculation, let us suppose the solid earth to use out of 
the water in a vast number of small flat- topped islands, each 
bounded by a perpendicular cliff, and let the proportion of water- 
area to the whole be equal m all quarters Let all of these 
islands in one hemisphere be covered with ice, of thickness 
according to the law assumed by Mr Croll — that is, var_ying in 
pioportion to the [sme of the] latitude Let this ice be removed 
from the first hemisphere and similarly distributed over the islands 
of the second By working out according to Mr Croll’s directions, 
it IS easily found that the change of sea-level which this will 
produce will consist in a sinking m the first hemisphere and 
rising in the second, through heights varymg according to the 
same law (that is, simple proportionality to sines of latitudes), 
and amounting at each pole to 

(1 — oo)%t 
1 — Q)W ' 

where t denotes the thickness of the ice-crust at the pole , i the 
ratio of the density of ice, and w that of sea-water, to the earth's 
mean density, and co the ratio of the area of ocean to the whole 
surface. 

Thus, for instance, if we suppose a) = 2/3, and ^ = 6000 feet, 
and take 1/6 and 1/5^ as the densities of ice and water respec- 
tively, we find for the rise of sea-level at one pole, and depression 
at the other, 

1/3 X 1/6 X 6000 
i-2/3xl/5^ ' 

or approximately 380 feet. 

It ought to he remarked that a transference of floatmg ice 
goes for nothing in changing the sea-level, and that m estimating 
the effect of grounded icebergs the excess of the mass of ice above 
that of the water displaced by it is to be reckoned just as if so 
much ice were laid on the top of an island. 
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136 On the OusBRVATroNs and Caloulations required to 

FIND THE TiDAD RETARDATION OP THE EaRTH’s ROTATION. 


[Part of tho Rede Lecture at Cambridge, May 23, 1866 , fiom ]?li\l Mag 
Yol XXXI 1866, pp 533 — 537 (Supplement) Reprinted lu Math arid 
Phys Pape)% Yol. iir art. xcv pp 337—341 ] 


137, On Geological Time. 


[From Olasg, GeoL iSoc, Tram, YoL in, 1871 [read Feb. 27, 1868], pp 1—28 ; 
reprinted m Popular Lectures and Addresses^ Yol ii, pp 10—64, 320—323 ] 
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138. On the Fracture of Brittle and Viscous Solids 
BY “Shearing'' 

[From Ro^ jSoc Froc Vol xvii 1869 [read Feb 25, 1869], pp. 312, 313, 
FhiL Mag, xxxvni July 1869, pp 71 — 73 ] 

On recently visiting Mr Kirkaldy's testing works, the Grove, 
Southwark, I was much struck with the appearances presented 
)y some specimens of iron and steel round bars which had been 
iroken by torsion. Some of them were broken right across, as 
learly as may be in a plane perpendicular to the axis of the bar 
Dn examining these I perceived that they had all yielded through 
L great degree to distortion before having broken. I therefore 
□oked for bars of hardened steel which had been tested similarly, 
nd found many beautiful specimens in Mr Korkaldy's museum. 
?hese, without exception, showed complicated surfaces of fracture, 
?hich were such as to demonstrate, as part of the whole effect in 
ach case, a spiral fissure round the circumference of the cylmder 
t an angle of about 45° to the length. This is just what is to be 
xpected when we consider that if ABDG (fig 1) represent an 
afinitesimal square on the surface of a round bar with its sides 
LG and BD parallel to the axis of the cylinder, before torsion, 
nd ABB'G' the figure into which this square becomes distorted 

C C' D D' c D c' D' 


A B 

Fig 1 

Lst before rupture, the diagonal AD has become elongated to 
le length AD\ and the diagonal BG has become contracted to 
le length and that therefore there must be maximum 



A« B 

Fig. 2 




NATURE OF FRACTURE 
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tension everywhere, across the spiral of which BQ' is an infinitely 
short portion But the specimens are remarkable as showing in 
softer or more viscous solids a tendency to break parallel to the 
surfaces of “shearmg” AB, CD, rather than m surfaces mclined 
to these at an angle of 45° Through the kindness of Mr Kirkaldy, 
his specimens of both kmds are now exhibited to the Royal 
Society. On a smaller scale I have made experiments on round 
bars of bnttle sealing- wax, hardened steel, similar steel tempered 
to various degrees of softness, brass, copper, lead. 


Sealing-wax and hard steel bars exhibited the spiral fractme. 
All the other bars, without exception, broke as Mr Kirkaldy’s soft 
steel bars, right across, m a plane perpendicular to the axis of the 
bar These experiments were conducted by Mr Walter Deed and 
Ml Adam Logan in the Physical Laboratory of the University of 
Glasgow , and specimens of the bars exhibiting the two kmds of 
fracture are sent to the Royal Society along with this statement. 
I also send photographs exhibitmg the spiral fracture of a hard 
steel cylinder, and the “shearing” fracture of a lead cylinder by 


toi'Sion 

Thcise experiments demonstrate that continued shearing 
parallel to one set of planes, of a viscous solid, developes m it a 
tendency to break more easily parallel to these planes than m 
other directions,— or that a viscous sohd, at first isotropic, acquires 
“cleavage planes” parallel to the planes of shearing. Thus if 
CD and AB (fig. 2) represent in section two sides of a cube of a 
viscous sohd and If, by“sheaiung” parallel to these planes. CD 
be brought to the position CD', relatively to AB supposed to 
Teln ft rest, and .f tin, proc, b, ,ont.n„ed until the n.atenal 
breaks, it breaks parallel to AB and C D . 

The appearance. pr«euted by the specimen, in 

„n,i. traced ^rhe^ htd 

controversy regardmg Forbes s ^ 7 S 

maintained that the continued by fissures 

vations had proved in .. The correctness of this 

parallel to the snow becoming kneaded 

view for a viscous sohd m , forjj^ed glacier as it works 

into a glacier, or the su glacier ice, reforming 

its way down a vail or a m obstecle, seems strongly 

as a glacier after disintegration by an oo 


Ke V 
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confiriHGd by tbc 6xp6nni6Dts on tho softer motfils descnbcfl 
above. Hopkins bad argued against this view, that, according 
to the theory of elastic sohds, as stated above, and represented 
by the first diagram, the fracture ought to be at an angle of 45 
to the surfaces of “shearing” There can be no doubt of the 
truth of Hopkins’s principle for an isotropic elastic solid, so hi^ttle 
as to break by shearing before it has become distorted through more 
than a very small angle , and it is illustrated m the experiments 
on brittle seahng-wax and hardened steel which I have described. 
The vaiious specimens of fractured elastic solids now exhibited to 
the Society may be looked upon with some interest, if only oh 
illustrating the correctness of each of the two seemingly discrepant 
propositions of those two distinguished men 


139. Note on the Meteoric Theory of the Sun’s Heat 

[After Prof Grant’s paper on “The Physical Constitution of the Sun,” 
Glmg Phil JSoc Proc VoL vn [March 24, 1869], pp 111, 112, Glasg^ 
Geol Soc Trans Yol m 1871, pp 239, 240 Reprinted in Popular 
Lectures and Addresses, Vol n. pp 127 — 131 ] 


140 Geological Dynamics. 

[From Glasg Geol Soc Trans VoL m 1871 [read April 6, 1869], pp 216 — 
240; Geol Mag Vol vi 1869, pp 472 — 476 Reprinted in Popular 
Lectwes and Addresses, Vol u. pp 73 — 127.] 


141. Address to the British Association at 
Edinburgh. 

[From British Association Report, Vol xll 1871, pp. kmv — cv; Nature, 
Vol IV Aug 3, 1871, pp 262 — 270, Am&r Journ. Sol, Vol n, (3rd sen), 
1871, pp 269 — 294, Math and Phys Papers,'^ oLn art Ixvi. pp 26 — 27. 
Reprinted m Popular Lectures and Addresses, Vol u. pp. 132 — 206,] 
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142. The Eigidity of the Earth. 


[Letter to Nature^ Yol v Jan 18, 1872, pp 223, 224 See however No. 

144 infra as regai’ds the rigidity which is produced by the inertia of 

fluid in rotation ] 

I HAVE been urged from Bcveral quarteis to defend my argu- 
ment for the rigidity of the earth against attacks which are 
supposed to have been made upon it It has, m fact, never been 
attacked to my knowledge, and I feel under no obligation to 
defend it. There is, I believe, a general impression that grave 
objections to it have been raised by M. Delaunay, and it seems 
that even in this country some geological writei's and teachers, 
in their reluctance to abandon the hypothesis of a thin solid 
crust, enclosing a wholly liquid mass, hastily concluded that all 
dynamical arguments against it had been utterly overthrown by 
Delaunay. 

In point of fact Delaunay made no reference at all to the 
tidal argument, and clearly was unaware that I had brought it 
forward when he made his communication on the “Hypiothesis of 
the interipr Iluidity of the terrestrial globe*” to the French 
Academy, three years and a half ago, objecting to Hopkins’s 
argument founded on precession and nutation, and merely quoting 
me as having expressed acquiescence. On this subject I say 
nothing at present, except that ten years ago, before I expressed 
(in my first commumcation of the tidal argument to the Royal 
Society) my assent to Hopkins’s argument from precession and 
nutation, I had thought of the objection to this argument since 
brought forward by Delaunay, and had convinced myself of its 
invalidity. But I hope to be able on some future occasion to 

* Oomptes JRendus for July 18, 1868# 

11—2 
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return to the subject, and to prove that any degree of viscosity, 
acting in the manner and to the effect desciibed by Delaunay, 
must in an extremely short time abolish the distinction between 
summer and winter My reason for writing to you at present is 
that I see m Mr Scrope’s beautiful book on Volcanoes (just 
published as a second edition) a sentence Prefatory Eemaiks, 
page 24), written on the supposition that the tidal argument had 
been brought forward for the first time at the recent meeting of 
the British Association m Edinburgh. I therefore take the liberty 
of suggesting to you that a reprint of the short abstract of my 
tidal argument, which appeared m the Proceedmgs of the Royal 
Society, for May 16, 1862*, might not be inappropriate to your 
columns I ought, however, to mform you that the tidal argu- 
ment was carefully re-stated in the first volume of the tieatise 
on Natural Philosophy, by Prof Tait and myself, published in 
1867, but as the volume is at present out of prmt, you may not 
consider this objection fatal to my proposal. 

[Prom Nature^ Vol v Feb 1, 1872, pp 257 — 259 ] 

We have been favoured with permission to reprmt the following 
extract from a letter addressed by Sir Wm, Thomson to Mr Q. 
Poulett Scrope 

The Univebsity, Glasgow, 

Jmi 15, 1872 

Deau Sm, 

I thank you very much for the copy of your beautiful 
book on Volcanoes, which you have been so kind as to send me 
through Professor Geikie. It is full of matter most mterestmg to 
me, and I promise myself great pleasure m reading it 

I see with much satisfaction, in your prefatory remarks, that 
you "‘earnestly protest against the assertion of some writers, that 
the theory of the mtemal fluidity of the globe is or ought to be 
generally accepted by geologists on the evidence of its high 
mtemal temperature.’* Your sentence upon the "‘attractive 
sensational idea that a molten m tenor to the globe underlies a 
thin superficial crust; its surface agitated by tidal waves and 
flowmg freely towards any issue that may here and there be 

* [Of. MaiK and Phys, Pajperst VoL nr. pp 312 — 336, Thomson and Tait’s 
JVat Pkil §§ 883-^848] 
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opened for its outward escape/' in which you say that you “ do 
not think it can be supported by reasoning, based on any 
ascertained facts or phenomena/' is thoroughly in accordance with 
true dynamics. It will, I trust, have a great eflfect m showing 
that volcanic phenomena, far from being decisive, as many 
geologists imagine them to be, in favour of a thin crust enclosmg 
a wholly liquid interior, tend rather, the more thoroughly they 
are investigated, to an opposite conclusion 

I must, however, take exception to your next sentence, that 
in which you say that Delaunay has disposed of the well- 
known astronomical argument of Mr Hopkins and Sir W Thomson, 
as to the entire or nearly entire solidity of the earth, derived 
from the nutation of its axis." Delaunay's deservedly high 
reputation as one of the first physical astronomers of the day, 
has naturally led many m this country to believe that his 
objection to the astronomical argument in favour of the earth's 
rigidity cannot but be valid It has even been hastily assumed 
that the objection is founded on mathematical calculation, an 
error which the most cursory reading of Delaunay’s paper corrects. 
His hypothesis of a viscous fluid breaks down utterly when tested 
by a simple calculation of the amount of tangential force required 
to give to any globular portion of the mterior mass the processional 
and nutational motions, which, with other physical ostronomei’s, 
he attributes to the earth as a whole. Thus ‘ taking the ratio 
of polar diameter to equatorial diameter as 299 to 300, and the 
density of the upper crust as half the mean density of the earth, 
I find (from the ordinary elementary formulse) that when the 
moon’s declination is 28^°, the couple with which she tends to 
turn the plane of the earth's equator towards the plane of her 
own centre and the equinoctial line has for its moment a force of 
*285 X 10^® times the gravity of one gramme at the earth's surface, 
or rather more than a quarter of a million million tons weight, 
on an arm equal to the earth’s radius. A quadrant of the earth 
being ten thousand kilometres, the area is five hundred and nine 
million square kilometres, or 6*09 million million million square 
centimetres. Hence a force of *286 x 10^® grammes weight dis- 
tributed equally over two-thirds of the earth's area would give 
*084 of a gramme weight per square centimetre. This supposition 
IS allowable (for reasons with which I need not trouble you) in 
estimating roughly the greatest amount of tangential force acting 
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between the upper crust and a spherical interior moss in contact 
with it, from the preceding accurate calculation of the whole 
couple exerted by the moon on the upper crust It is thus 
demonstrable that the earth’s crust must, as a whole, down to 
depths of hundreds of kilometres, be capable of transmitting 
tangential stress amounting to nearly ^ of a gramme weight per 
square centimetre. Under any such stress as this any plastic 
substance which could commonly be called a viscous fluid would 
be di-awn out of shape with great rapidity Stokes, who dis- 
covered the theoiy of fluid viscosity, and fiLrst made accurate 
investigations of its amount m absolute measure, found that a 
cubic centimetre of water, if exposed to tangential force of the 
millionth part of of a gramme weight on each of four sides, 
would, even under so small a distortmg stress as this, become dis- 
torted so rapidly that at the end of a second of time its four 
corresponding right angles would become one pair of them acute 
and the other obtuse, by as much as a two-hundredth part of the 
angle whose arc is radius, that is to say by 29 of a degree Not 
as much as a ten-million-millionth part of this distortion could 
he produced every second of time by the lunar influence in 
the material underlying the earth’s crust without very sensibly 
affecting precession and nutation , for the effect of the maximum 
couple exerted on the upper crust by the moon is to turn the 
whole earth in a second of time through an angle of a one- 
hundred-million-milhonth of ’57 of a degree, so as to give to it 
at the end of a second the position obtamed by geometrically 
compounding this angular displacement with the angular dis- 
placement due simply to rotation Hence the viscosity assumed 
by Delaunay, to produce the effect he attributes to it, must be 
more than ten milhon million milhon times the viscosity of water. 
How much more may be easily estimated with some degree of 
precision from Helmholtz's mathematical solution of the problem 
of jSnding the motion of a viscous fluid contained m a rigid 
spherical envelope urged by penodically varymg couples^ The 
most interesting part of the application of this solution to the 
hypothetical problem regardmg the earth, is to find how rapidly 
the ohhquity of the echptic would be done away with by any 
assumed degree of viscosity in the interior , such an amount of 

* Helmholtz and Piotrowski, “Ueber Beibnng tropf barer Fluesigkeiten,’* 
Acad., Vienna, 1860 fHelmholtz’ W^m* Ahhandl Vol. i. pp. 172 — 222.] 
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viscosity, for example, as would render the excesses of precession 
"'Jid nutation above their values for a perfectly rigid interior, not 
greater than observation could admit 

The hypothesis of a continuous internal viscous fluid being 
disposed of, the question occurs, what rigidity must the interior 
niiiss have, even if enclosed in a perfectly rigid crust, to produce 
the actual phenomena of precession and nutation ? The solutions 
given by Lam^ and myself of the problem of the vibrations of an 
elastic solid globe, may be readily apphed to determine the 
influences on precession and on the several nutations, which 
would be produced by elastic yielding with any assumed rigidity 
short of infinite rigidity This application I have no time at 
present to make, but without attempting a rigorous investigation, 
it is easy roughly to estimate an inferior hmit to the admissible 
rigidity. In the first place, suppose, with perfect elasticity, the 
rigidity be so slight that distorting stress of of a gi‘amme 
weight would produce an angular distortion of a half degree or a 
degiee The whole would not rotate as a ngid body round one 
'‘instantaneous axis” at each instant, but the rotation would take 
place internally, round axes deviating from the axis of external 
figure, by angles to be measured in the plane through it and the 
line perpendicular to the ecliptic, in the direction towards the 
latter line, These angulai deviations would be greater and 
greater the more near we come to the earth’s centre, and the 
greatest angular deviation would be comparable with 1° Hence 
the moment of momentum round the solsticial line would be 
sensibly less than if the whole mass rotated round the axis of 
figure. Now suppose for a moment our measurement of force to 
be founded on a year as the unit of time. We find the amount 
of precession in a year by dividing the mean amount of the whole 
couple due to the influence of moon and sun by the moment of 
momentum of the earth’s motion round the solsticial line. Hence 
the amount of precession would be sensibly augmented by the 
elastic yielding, for the motive couple is uninfluenced by the 
elastic yielding, if we suppose the earth to be of uniform internal 
density An ordinary elastic jelly presents a specimen of the 
degree ofi elasticity here supposed, as is easily seen when we 
consider that the mass of a cubic centimetre of such material is a 
gramme, and therefore that the weight of a cubic centimetre of 
the substance is the "gramme weight” understood in the speci- 
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fication ^ of a gramme weight per square centimetre If then, 
the interior mass of the earth were no more rigid than an ordinary- 
elastic jelly, and if the upper crust were rigid enough to resist 
any change of figure that could sensibly influence the result, the 
precession would be consideiably more rapid than if the ngidity 
were infinite throughout The lunar nineteen-yearly nutation 
proves a higher degree of elasticity than this, the solar semi- 
annual nutation still a higher degree, and still higher yet the 
imperceptibility of the lunar fortnightly nutation, provided always 
we suppose the intenor moss to be of umform density, and the 
upper crust rigid enough to permit no influential change of 
figure. 

The motive of the nineteen-yearly precession maybe mechanic- 
ally represented by two circles of matter pivoted on diametem 
fi.xed in the plane of the earth's equator, bisecting one another 
perpendicularly at the earth's centre These two circles must 
oscillate round their pivot-diameters, each through an angle of 
about 6 ° on one side and the other of the plane of the equator, 
in a period of about nineteen years, to produce the lunar nineteen- 
yearly nutation (more nearly eighteen years seven months) If 
the radius of each of the supposed material circles is equal to the 
moon's mean distance from the earth, the mass of each must be a 
little less than the moon's mass, and one of them a little leas than 
the other*. The diameter on which the latter is pivoted is to be 
the equinoctial line The latter alone causes the nutation in 
right ascension, the former the nutation m declination The 
phases of maximum and of zero deflection, in the oscillations of 
the two circles, follow alternately at equal intervals of time, so 
that when either is in the plane of the earth's equator, the other 
is at its greatest inclination of 5° on either side. Taking one of 
the constituents of the nutational motive alone, we find, on the 
principles indicated above, ^ of a gramme weight per square 
centimetre as a very rough estimate for the greatest tangential 
stress produced by it in the material underlying the earth's crust. 
Now it is clear that the central parts of the earth and the upper 
crust cannot, in the course of the nutatory oscillations, experience 
relative angular motions to any extent considerable in comparison 

* The greater is eqnal to the moon^a mass multiplied by the cosine of the 
obliquity of the ecliptic ; the less is equal to the moon’s mass multiplied by the 
cosine of tvuoe the obliquity of the eohptio. 
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With the nutation of the upper crust, without considerably affecting 
the whole amount of the nutation. The nutation in declination 
amounts to 9 26" on each side of the mean position of the earth’s 
poles, and therefore the tangential stress of of a gramme 
weight per square centimetre cannot produce an angular distortion 
considerable in comparison with 9". 

An angular distortion of 8" is produced in a cube of glass 
by a distorting stress of about ten grammes weight per square 
centimetre. We may, therefore, safely conclude that the rigidity 
of the earth’s interior substance could not be less than a millionth 
of the rigidity of glass without very sensibly augmenting the 
lunar nineteen-yearly nutation The lunar fortnightly nutation 
in declination amounts theoretically to about T", and it is so 
small as to have hitherto escaped observation. It probably would 
have been so large as to have been observed were the interior 
ngidity of the earth anythmg less than of that of glass, 

always provided that the upper crust is rigid enough to prevent 
any change of form sensibly influencing the nutational motive 
couple. To understand the degree of ngidity meant by 
of the rigidity of glass,'’ imagine a sheet of some such substance 
as gutta-percha or vulcamsed india-rubber of a square metre area 
and a centimetre thickness. Let one side of the sheet be cemented 
to a perfectly hard plane vertical wall, and let a slab of lead 
8 8 centimetres thick (weighing therefore a metrical ton)* be 
cemented to the other side of it If the rigidity of the substance 
be 20 0^000 rigidity of glass |, and the range of its elasticity 

sufficient, the side of the sheet to which the lead is attached will 
be dragged down relatively to the other through a space of of a 
centimetre. 

In the argument from tidal deformations of the sohd part of 
the earth’s material, which I communicated to the Royal Society 
ten years ago, and mentioned incidentally at the recent meeting 
of the British Association, I showed that though precession and 

* The metnoal ton, or the maBS of a cubic metre of water at temperature of 
maximum density, is 9842 of the British ton, The thichneBs of a slab of lead of a 
square metre area, weighing a metrical ton, ib, of course, equal to a metre divided 
by the specific gravity of lead 

+ Everett’s measurements give 244 x 10® oentimetres weight per square centi- 
metre for the ngidity of the glass on which he experimented. Instead of this I take 
240 X 10®, for simplicity. 
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nutation would be augmented by want of ngidity in the interior, 
they would be diminished by want of ngidity in the uppex crust, 
and that on no probable hypothesis can we escape the conclusion 
that the earth as a whole is less yielding than a globe of glass 
of the same dimensions and exposed to the same foices That 
argument, therefoie, proves about 200,000 times greater rigidity 
for the earth as a whole than what I have now written to you 
proves for the interior of the earth on the supposition of a thin 
pretematurally ngid crust 

I must apologise to you for having troubled you with so long 
a letter. I did not intend to make it so long when I commenced, 
but I have been led on by considerations of details, inevitable 
when such a subject is once entered upon, 

I remam, 

Yours very truly, 

William Thomson 


G, Poulett Scrope, Esq , F.R S 
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143 Influence of Geological Changes on the Eaeth’s 
Rotation [Presidential Address], 

[FromOlasg Qeol Soo Froc Vol iv [Feb 12, 1874], pp 311—313, 
Nature^ Vol ix. March 5, 1874, pp 345 — 346 ] 

At the annual meeting of the Geological Socieby of Glasgow, 
on Feb 12, the president, Sir William Thomson, F,R S , gave an 
address on the above subject, of which the following is an 
abstract 

He first briefiy consideied the rotation of rigid bodies m 
general, defining a principal axis of rotation as one for which 
the centrifugal forces balance while the body rotates around it. 
He then took the case of the earth , and, having pointed out the 
position of its piesent axis, showed that if from any cause it were 
made to revolve round any other, that would be an “instantaneous 
axis,” changing every instant, and travelling through the solid, 
from west to east, in a period of 296 days round the principal 
axis. It would shift continually in the figure, owing to the varying 
centrifugal force of two opposite portions of the body. This would 
produce, by centrifugal force, a tide of peculiar distribution over 
the ocean, having 296 days for period. An inclination of the axis 
of instantaneous rotation to principal axis of I", or 100 ft at the 
earth’s surface, would produce rise and fall of water m 46° latitude, 
where the effect is greatest, amounting to *17 of a foot above and 
below mean level*. 

^ [Tho actual penod in leiigtliencd to about 480 days by elastic yielding of the 
Earth, and is partly obscured by meteorological accumulations of matter, The 
accompanying tide has been sought for by Bakhuysen. For modern records on 
changes of latitude and their interpretation, see e g E H. Hills and J. Larmor, 
Monthly Notices Hoy, Astron, Soo, Nov. 1906. See also Presidential Addresses to 
the Roy. Soo. for 1891 and 1892, m Popular Lectures and Addresses^ pp 602, 628.] 
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He noticed, in passing, the application of these dynamical 
pnnciples to the attraction which the sun and moon exercise on 
the protuberant parts of the earth, tending to bring the plane 
of the earth's equator into coincidence with the ecliptic This 
causes an incessant change, to a certain limited extent, in the 
position of the axis of rotation, thereby occasiomng what is known 
as the ‘"precession of the equinoxes” Having illustrated these 
remarks by some interesting experiments, Sir William Thomson 
proceeded to consider more particularly the circumstances accoiding 
to which the axis of the earth might become changed through 
geological influences, and the consequences of any such change. 
The possibility of such a change had been adduced to account 
for the great differences in climate which can be shown to have 
obtained at different penods m the same portion of the earth’s 
surface In the British Isles, for example, and m many other 
countries, there is clear evidence that at a comparatively recent 
period a very cold chmate — much colder than at present — 
prevailed; while in the same places the reraams of plants and 
ammals belonging to several preceding eras indicate a high 
temperature and a comparatively tropical chmate The question 
arose, can changes in the earth s axis account for these changes of 
climate ^ In the present condition of the earth, any change in 
the axis of rotation could not be permanent, because the instan- 
taneous axis would travel round the principal axis of the solid 
in a period of 296 days, as already stated Maxwell had pointed 
out that this shifting of the instantaneous axis in the sohd would 
constitute in its period a periodic variation everywhere of “latitude,” 
ranging above and below the mean value, to an extent equal to 
the angular deviation of the instantaneous axis of rotation from 
the principal axis j and, by companng observations of the altitude 
of the Pole-star during three years at Greenwich, had concluded 
that there may possibly be as much as of such deviation, but 
not more. 

In very early geologic ages, if we suppose the earth to have 
been plastic, the yielding of the surface might have made the new 
axis a principal axis. But certain it is that the earth at present 
is so rigid that no such change is possible The precession of the 
equinoxes shows that the earth at present moves as a ngid body; 
and during the whole period of geologic history, or while it has 
been inhabited by plants and ammals, xt has been practically 
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rigid Changes of climate, then, have not been produced by 
changes of the axis of the earth The learned professor then 
inquired what influences great subsidences or great elevations in 
difierent parts of the earth might have on the axis of rotation. 
No doubt the removal of a large quantity of solid matter from one 
part of the globe to another would sensibly alter the principal 
axis, as well as the axis of rotation, which so nearly coincides with 
it , but it could be shown that it would produce in the latter 
only about ^f^th part of the change produced in the former. We 
know too little of the changes in the interior of the earth accom- 
panying such changes on its surface to be able to state results 
with certainty. But he estimated that an elevation, for example, 
of 600 feet on a tract of the earth's surface 1000 miles square 
and 10 miles m thickness, would only alter the position of the 
principal axis by one-third of a second ^ or 34 feet He called 
attention to the effect of tidal friction and subterranean viscosity 
in reducing any such deviation, and pointed out that it must be 
exceedingly slow ^ using for evidence the observationally proved 
slowness of the diminution of the earth's rotational velocity, and of 
the inclination of its equator to the ecliptic. It therefore seemed 
probable that geological changes had not produced any perceptible 
change m the prmcipal axis or in the axis of rotation within the 
period of geological history 
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144. Rbvtew op Evidence Reqaeding the Physical Con- 
dition OF THE EaETH, its INTEBNAL TeMPEBATUEE , THE 
Fluidity oe Solidity of its Intekioe Substance, the 
Rigidity, Elasticity, Plasticity of its Exteenal Figuee ; 
AND THE PeEMANENOE OE VaEIABILITY OF ITS PeEIOD AND 

Axis of Rotation. 


[Presidential Address to the Mathematical and Physical Science Section of 
the British Association at Glasgow From Bniish Jesooiatum Report, 
1876, pt 11 pp 1 — 12, Nature, Vol xiv Sept 14, 1876, pp 426—431, 
Archives Set Phys Nat Vol nvii 1876, pp 138 — 161 , Amer. Joum. 
Sci VoL xn. 1876, pp 336 — 364 Reprint^ in Math and Phys Papers, 
VoL m art xcv. pp 320 — 336, Popular Lectwres and Addresses, Vol ii 
pp 238—272] 


146 Geological Climate. 

[From Olasg Geol Boo Trans Vol t [Feb 22, 1877], pp 238—260 
Reprinted in Popular Leotvres and Addresses, Vol n. pp. 273 — 298 ] 


146. The Intbenal Condition of the Eaeth, as to 
Tempeeatuee, Fluidity, and Rigidity. 

[From Qktsg. Oeol Boo Trans VoL vt 1882 [read Feb. 14, 1878], pp. 38 — 49 
Reprinted m Popular Lectures and Addresses, Vol rr pp 299 — 318 ] 
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147 . Problems Relating to Underground Temperature . 

A Fragment"*^ 

[From Plixl, Mag, Vol v. May, 1878, pp 370 — 374, Jov/ni de Phys Vol vii 
1878, pp. 397 — 402, Joum, of Scienae^^Yol xvi. 1878, pp 132 — 136 

Problem I A fire is lighted on a small portion of an un- 
interrupted plane boundary of a mass of rock of the precise 
quality of that of Oalton Hill, and after burning for a certain 
time 18 removed, the whole plane area of rock being then freely 
exposed to the atmosphere It is required to determine the 
consequent conduction of heat through the interior 

Problem II, It is required to trace the effect of an un- 
usually hot day on the mternal temperature of such a mass of 
rock. 

Problem III, It is required to trace the secular effect con- 
sequent on a sudden alteration of mean temperature 

Problem IV, It is required to determine the change of 
temperature within a ball of the rock consequent upon suddenly 
removmg it from a fluid of one constant temperature and 
plunging it into a fluid maintained at another constant 
temperature. 

Problems I., II., and HI. In solving each of these problems, 

* An old MS. I written eighteen years ago and found to-day. It was kept back 
until the time should be found to write out the solutions of Problems II , III , and 
lY. The time was never found; but as more synthesis from the solution of 
Problem I. su&oes for II, and HI. (surface integration of the solution for I, over 
the medial plane solves II., and the time-integral from t= - co to t=0, of the 
solution of IL, gives that of HI.), and as IV. is merely an example of Fourier’s 
now well-known solution for the globe (see Professors Ayrton and Perry’s paper, 
On the Heat-oonductivity of Stone,” Philosophical Magcmnc for April, 1878), with 
numenoal results calculated for trap-rook according to its thermal conductivity, as 
determined by the Bdmburgh observations referred to in the fragment now pub- 
hshed, the non-oompletion of the onginal proposal need not be much regretted — 
W T., March 25, 1878. 



176 COSMIOAL AND GEOLOGICAL PHYSICS [147 

we shall suppose the air m contact with the rock to be not 
sensibly influenced in its temperature by the conduction of heat 
inwards or outwards through the solid substance In reality^ 
the stratum of air in immediate contact with the rock must 
always have precisely the same temperature as the rock itself 
at its bounding surface ^ and the continual mixing up of the 
different strata, whether by wind or by local connective currents 
due to differences of temperature, tends to bring the whole 
superincumbent mass of air to one temperature. Our supposition 
therefore amounts to assuming that the rate of variation of 
temperature from pomt to point in the rock near its surface, 
owing to the special cause under consideration, is much loss than 
the ordinary changmg variations from day to night. Hence, in 
Problems I, 11, and III, the solutions will not be applictiblo 
until so much time has been allowed to elapse as will leave only 
a residual variation, small m comparison with the ordinary diurnal 
maximum rates of increase and dimmution of temperature fi'om 
point to pomt mwards m the immediate neighbourhood of the 
surface 

In the case of Problem II. these conditions will be practically 
fulfilled, and contmue to be fulfilled, very soon after the day of 
extraordinary temperature of which the effect is to be considered, 
and we shall have a perfectly practical solution illustrative of the 
consequences experienced several days or weeks later at the 
3-foot and 6-foot deep thermometers of the observing- station* 
The solution of Problem I , which we now proceed to work out, 
will show clearly what dimensions as to space, time, and tem- 
perature may he chosen for a really practical illustration of its 
conclusions 

Problem I., subject to the limitations we have just stated, is 
equivalent to the followmg —An infinitely small area of an 
infinite plane terminating on one side a mass of uniform trap-rook 
which extends up imdefinitdy in all directions on the other side, 
is infimtely heated for an infinitely short time, and the whole 
surface is instantly and for ever after maintained at a constant 
temperature It is required to determine the constant intmial 
variations of temperature 

Let the sohd he doubled so as to extend to an infinite distance 
on both sides of the plane mentioned in the enunciation. This 
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plane, when no longer a boundary, we shall call the medial plane. 
Let P, P' be two points equidistant from the medial plane in a 
line perpendicular to it, on each side of the portion heated 
accordmg to enunciation. Let a certain quantity of heat Q be 
suddenly created in an infinitely small portion of the solid round 
P, and at the same instant let an equal quantity be absti acted 
from an infinitely small portion of the solid round P'. The 
consequent variations of temperature on the two sides of the 
medial plane of reference will be equal and opposite, bemg a 
heating effect which spreads from the medial plane in one 
direction, and a symmetrical cooling effect spreading from the 
same plane through the matter which we have imagined placed 
on its other side. The heating effect on the first side will, as is 
easily seen, be precisely the same as that proposed for investigation 
in Problem I., and the thermal action of the mass we have 
supposed added on the other side will merely have the effect of 
maintainmg the temperature of the bounding plane unvaried. 
Now if a quantity Q of heat be placed at one point (a, / 9 , 7) of an 
infimte homogeneous solid, the effect at any subsequent time t at 
any point y, z of the solid will be expressed by the formula 

8V/<^7r“ 


discovered by Founer ; and the effect of simultaneously placing 
other quantities of heat, positive or negative, at other points will, 
6LS he has shown, be determined by finding the effect of each 
source separately by proper application of the same formula, and 
adding the results in accordance with the principle of the super- 
position of thermal conductions stated above. Hence the effect 
of simultaneously placing equal positive and negative quantities, 
+ Q and — Q, at two points, (or, / 9 , 7), (a\ 7'), will for any 

subsequent time t be expressed by the formula 




8s/AV 


_(g-ay‘+(»-gy‘+(«-yy 


ikt 


m 




If in this expression we take a a' « — /8 «= 0 , « 0 , 7 = 0 , 

7^ = 0, and suppose a to be infinitely small, we find what it 
becomes by differentiating the first term with reference to a, 
writmg a instead of da, and taking a ~ 0, /9 = 0, 7 = 0. The result 
constitutes the solution of the proposed problem ^ and thus, if v 

12 


X. v. 
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denote the required temperature at time t and pomt (co, y, z) of 
the solid, we find 


Qa 


xt 


4kt 


A more convenient formula* to express the solution will be 
obtained by puttmg + + = and ^ = rcos0 We thus 

have 

cos 0 .re 

iqJ 

which expresses the temperature assumed at a time t after the 
application of the firej by a pomt of the solid at a distance r 
from the point of the surface where the fire was applied, and 
situated in a direction mclmed at an angle 6 to the vertical 
through this point From this expression we conclude ’ — 

(1) The simultaneous temperatures at different pomts eqm- 
‘distant from the position of the fire are simply proportional to 
the distances of these pomts from the plane surface. 

(2) The law of variation of temperature with distance in 
any one line from the place where the fire was applied is the 
same at all times. 


* In this fonQula h denotes what I have called the thermal diffusivity of the 
,-flnh stance— that is to say, its thermal conductivity divided by the thennal oapaoity 
■of unit hulk of the suhstanoe DifEuaivity is essentially reckoned in units of area 
I)er umt of time , or, as Maxwell puts it, its dimensions are Its value (207 

.square British feet per annum for the trap-rock of Calton Hill, used furthei on in 
the text) was taken from my paper on the “Beduobon of Observations of Under- 
ground Tempeiature,” pubhshed in the Transactions of tlie lioyal SocUtij of 
Edinburgh for April 1860, where it was found by the application of Fourier’s 
original formula to a harmonic reduction of Forbes’s observations of underground 
temperature Beduemg this number to square centimetres per second, and ex- 
pressing similarly the results of my own reduction of Forbes’s observations for two 
other locahties in the neighbourhood of Edinburgh, and of Professor Everett’s 
reductions of the Greenwich Underground Observations, we have the following 
Table of diffusivitieB — 

Diffnsmtiea 

Trap-rook of Oalton Hill , „ 00786 of a square centim. per second 

Sand of expenmental garden *00872 „ „ „ 

Sandstone of Craiglath Quarry *02311 „ „ „ 

Gravel of Greenwich Observatory Hill 01249 „ „ ,, 

These numbers were first published by Everett, in hia XUusti'ations of the 
Centimetre^Qrajmne-Seeond {0 G, 8S) System of Vnits^^ published by the Physical 
^Society of London (1676), a most opportune and useful pubhoation. 
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(3) The law of variation of temperature with time is the 
same at all points of the sohd 

(4) Corresponding distances in the law of vanation with 
distance increase in proportion to the square root of the time 
from the application and removal of the fire , and therefore, of 
course, conesponding times in the law of variation with time are 
proportional to the squares of the distances, 

(5) The maximum value of the temperature, in the law of 
variation with distance, diminishes inversely as the squaie of 
the increasing time. 

(6) The maximum value of the temperature in the law of 
variation with time, at any one point of the rock, is inversely as 
the fourth power of the distance from the place where the fire 
was applied 

(7) At any one time subsequent to the application of the 

fire, the temperature increases in any direction from the place 
where the fire was applied to a maximum at a distance equal 
to and beyond that falls to zero at an mfimte distance 

in every direction. The value of h for the trap-rock of Calton 
Hill being 267^, when a year is taken as the unit of time and 
a British foot the unit of space, the radius of the hemispherical 
surface of maximum temperature is therefore 23T x \/t feet. 
Thus at the end of one year it is 23 1 feeb, at the end of 10,000 
years it is 2310 feet, from the origin. The curve of fig 1 shows 
graphically the law of variation of temperature with distance. 
The ordinates of the curve are proportional to the temperatures, 
and the coiTesponding abscissas to the distances from the origin 
or place of application of the fire. 

(8) At any one point at a finite distance within the solid 
(which, by hypothesis, is at temperature zero at the instant when 
the fire is applied and removed) the temperature increases to a 
maximum at a certain time, and then diminishes to zero again 
after an infinite time; the ultimate law of diminution being 
inversely as the square root of the fifth power of the time. The 
time when the maximum temperature is acquired at a distance r 
from the place where the fire was applied, is r^jlOk, or, according 

* [Thifl number has been changed to agree with MatK andPhya. PaperSt Yol. ui» 
p. 289, and the following ones altered in oonaeguence ] 


12—2 



180 


COSMICAL AND G KO 1,0010 A L I’UYSU'S 


1147 


to the value we have found for the trap-roc’k, td a yt*ut% 

Thus it appears that at one French foot from the phu’O id Iht^ 
fire, the maximum temperature la acquiretl about* tour houiH 
(more exactly T55 day) after the apphcatiiui and removal ot t lu* 

Y 



T?iK. 1, 


X 


fire. At 48‘6 French feet from the fire the inaxinmin Wmptu'aturo 
is reached just a year from the beginning; and at 4MB0 foot tht* 
maximum is reached m 10,000 years. The law of variation of 
temperature with time is shown by the curve of fig, 2, tlu» unlinntt*H 
of which represent tempemtureSj and the abaci sat w tirncH, 

Y 



Fig* 2. 


From those results wo can readily see how the circumatancos 
of tho proposed problem may be actually realized, if not rigorou»ly, 
yet to any desired degree of approximation, in the manner 
supposed— namely, by keeping a fire burning for a certain time 
over a small area of rock, and then removing it and cooling tho 
surface, 

* [This number has been changed to suit the French foot and year M unite, 
involving change in subseiiuent numbers.] 
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148 On a New Foem of Poetable Speino Balance foe 
THE Measlteement OF Teeeesteial Geavitt. 

[From Edirib Roy Soo Proo Vol im. [April 19, 1886], pp 683—686; 
Bntish Association Report^ 1886, pp 634, 636 ] 


Thb design and construction of the instrument now to be 
described was undertaken on the suggestion of General Walker, 
of the East Indian Trigonometrical Survey. At the Aberdeen 
Meeting of the British Association in 1885, General Walker 
obtained the appointment of a committee to examme into the 
whole question of the present methods and instruments for the 
measurement of gravitational force, and to promote investigation^ 
having for its object the production of gravitation measuring 
instruments of a more reliable and accurate character than those 


now in use. 

The secretary of this committee, Professor Poynting, has 
already issued a circular note to the members of the committee 
(of whom the author is one), stating the conditions which must 
be fulfilled by any gravimeter laid before the committee for 


examination and report. 

An instrument, constructed according to the following de- 
scription, promises to fulfil all the conditions mentioned m 
Professor Poynting’s circular. Its sensibility is amply up to the 
specified degree It is, of necessity, largely influenced by tem- 
perature, and it 18 not certain that the allowance for tempemtnre. 
or the means which maybe worked out for brmgmg the mstru- 
xaent always to one temperature, may prove satisfactory It is 
almost certain, although not quite certam, that 
the latent zero of the spring will be sufficient, after the instrument 
has been kept for several weeks or months under the approximately 
constant stress under which it is to act m regular use. 

The instrument consists of a thin flat plate of Gennan 

.IvJr of the kind known as “doctor,” used «inf he^ 
ponner rollers in cahco pnntmg The piece us 

long, and wa, cnti a tread.h of atoof 2 oa.t.- 



182 COSMICAL AND GEOLOGICAL PHYSICS [14:8 

metres A brass weight of about 200 grammes was securely 
soldered to one end of it, and the spring was bent like the spnng 
of a hanging bell, to such a shape that when held firmly by one 
end the spirng stood out approximately in a straight line, having 
the weight at the other end If the spring had no weight the 
curvature, when free from stress, must be in simple proportion to 
the distance along the curve from the end at which the weight 
IS attached, in order that when held by one end it may be 
straightened by the weight fixed at the other end. 



The weight is about 2 per cent heavier than that which 
would keep the sprmg straight when honzontal ; and the fixed 
end of it is so held that the spnng stands, not honzontal, but 
inclined at a slope of about 1 in 6, with the weighted end above 
the level of the fixed end. In this position the equilibrium is 
very nearly unstable A definite sighted position has been chosen 
for the weight, relatively to a mark ngidly connected to the fixed 
end of the spring, fulfillmg the condition that in this position the 
equihbnum is stable at all the temperatures for which it has 
hitherto been tested, while the position of unstable equihbnum 
is only a few millimetres above it for the highest temperature for 
which the instrument has been tested, which is about 16° C. 

The fixed end is ngidly attached to one end of a brass tube, 
about 8 centimetres diameter, surrounding the spring and weight, 
and closed by a glass plate at the upper end of the incline, through 
which the weight is viewed. The tube is fixed to the hypotenuse 
of a nght-angled tnangle of sheet brass, of which one leg, inclined 
to it at an angle of about -J- radian, is approximately honzontal, 
and IS supported by a transverse trunnion resting on fixed V-s 
under the lower end of the tube, and a micrometer screw under 
the short, approximately vertical, leg of the triangle. 
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The observation consists in finding the number of turns and 
parts of a turn of the micrometer screw, required to bring the 
instrument fium the position at which the bubble of the spirit- 
level IS between its proper marks, to the position which equili- 
brates the spnng-bome weight, with a mark upon it exactly in 
line with a chosen divisional line on a little scale of 20 half- 
millimetres, fixed m this tube in the vertical plane perpendicular 
to its length. 

The instrument is, as is to be expected, exceedingly sensitive 
to changes of temperature. An elevation of temperature of 1° 0* 
diminishes the Young’s modulus of the German silver so much, 
that about a turn and a half of the micrometer screw (lowering 
the upper end of the tube at the rate of 2/3 millimetre per turn) 
produced the requisite change of adjustment for the balanced 
position of the movable weight About turn of the screw 
corresponds to a difference of 1/5000 in the force of gravity, and 
the sensibility of the instrument is amply vahd for 1/40 of this 
amount, that is to say, for 1/200,000 difference in the force of 
gravity. Hence it is not want of sensibility in the mstrument 
that can prevent its measurmg differences of gravity to the 
1/100,000, but to attain this degree of minuteness it will be 
necessary to know the temperatuie of the spring to within 1/20° 0. 
J do not see that there can be any great difficulty in achieving 
the thermal adjustment by the aid of a water jacket and a 
delicate thermometer. To facilitate the requisite thermal adjust- 
ment, I propose, in a mew instrument of which I shall immediately 
commence the construction, to substitute for the brass tube a 
long double girder of copper (because of the high thermal con- 
ductivity of copper), by which sufficient uniformity of temperature 
along the spring throughout the mainly effective portion of' its 
length and up to n^ar the. sighted end, shall be secured. The 
water jacket will secure a slight enough variation of temperature 
to allow the absolute temperature to be indicated by the thermo- 
meter with, I believe, the required accuracy 

149 . The Sun’s Heat. 

[From Roy, ImtiU Proc, VoL xii. 1889 [Jao. 21, im], pp 1—21 j J!^ature, 
Yol. XXXV. Jan 27, 1887, pp. 297—300 , Oiel et Terre, YoL m. 1887—1888, 
pp, 79—80, 281—288 j Good Words, March and April, 1887 Bepnnted 
in Poplar Leotwres and Addresses, Yol. l pp 36^-i-422.] 
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160. On the Equilibeium of a Gas undee its own 
Gravitation only. 


From Edtnh Roy^ Boo, Fioc Vol xiv [read Feb 21, 1887], pp 111 — 118, 
pfc m p 118 [title only] j Rkil Mag VoL xxiL March 1887, pp. 287 — 
292] 


This problem, for the case of uniform temperature, was first, 
I believe, proposed by Tait in the following highly interesbing 
question, set in the Ferguson Scholarship Examination (Glasgow, 
October 2, 1885) — ^^Assummg Boyle’s Law for all pressures, 
form the equation for the equilibnum-density at any distance 
from the centre of a spherical attracting mass, placed in an 
infimte space filled originally with air. Find the special integral 
which depends on a power of the distance from the centre of the 
sphere alone.” 

The answer (in examination style J) is — Choose units pro- 
perly, we have 

^ = j^pr^dr ( 1 ), 

where p is the density at distance r from the centre. Assume 

P^At- . ( 2 ) 

We find A = 2, a: = — 2 ; and therefore 

p = 2r-® (3) 

satisfies the equation in the required form. 

* Note of Fehrua^'y 22, 1887.— Haying yesterday sent a finaUy revised proof of 
this paper for press, I have to-day received a letter from Prof Newcomb, calling 
my attention to a most important paper by Mr J. Homer Lane, On the Theore- 
tical Temperature of the Sun,*’ published in the JiTnenoan Journal of Science for 
July 1870, p. 67, m which precisely the same problem as that of my article is very 
powerfully dealt with, mathematioaUy and practicaUy. It is impossible now, 
before going to press, for me to do more than to refer to Mr Lane’s paper ; but I 
hope to profit by it very muoh in the continuation of my present work which I 
intended, and still mtend, to make.— W. T. 
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Tait informs me that this question occurred to him while 
wni for Nature a review of Stokes’s Lecture* “ On Inferences 
from oue Spectrum Analysis of the Lights of Sun, Stars, Nebulse, 
and Comets ” ; and in the Proceedings of the Mathematical Society 
he has given some transformations of the Equation of Equilibrium. 
The same statical problem has recently been forced on myself by 
considerations which I could not avoid in connection with a 
lecture which I recently gave in the Royal Institution of London, 
on “The Probable Origin, the Total Amount, and the Possible 
Duration of the Sun’s Heat.” 

Helmholtz’s explanation, attributing the Sun’s heat to con- 
densation under mutual gravitation of all parts of the Sun’s mass, 
becomes not a h}rpothesis but a statement of fact, when it is 
admitted that no considerable part of the heat emitted from the 
Sun IS produced by piesent m-fall of meteoric matter from with- 
out, The present communication is an instalment towards the 
gaseous dynamics of the Sun, Stars, and Nebulm 

To facilitate calculation of practical results, let a kilometre 
be the unit of length ; and the terrestrial-surface heaviness of a 
cubic kilometre of water at unit density, taken as the maximum 
density under ordinary pressure, be the unit of force (or, approxi- 
mately, a thousand million tons heaviness at the earth’s surface). 
If p be the pressure, p the density, and t the temperature from 
absolute zero, we have, by Boyle and Charles’s laws, 

( 4 ); 

where t denotes absolute (thermodynamicf) temperature, with 
0° Cent, taken as unit; and H denotes what is commonly, in 
technical language, called “the height of the homogeneous atmo- 
sphere” at 0° C. For dry common air, according to Regnault’s 
determination of density, 

H = 7‘985 kilometres (4^. 

* Lecture m. of Second Course of Sw — * 
published, London, 1886 (Maomillan). 

t The notation of the text xs related to 
dynanuo principle (which is approximate 
thermometer), as follows : — (tern pars 
Mathematical and Physical Papers, Vol. i 
100 , and article “ Heat,” §§ 86-^88 and 47 
be published) of Collected Papers, 
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' Let /3 te the gravitational coefficient proper to the units 
chosen, so that is the force between m, m' at distance 

Z>. The earth’s mean density being 6 6, and radius 6370 kilo- 
metres, we have 

Itt 6370 . 5 6^ = 1 ; and therefore 47r/9 = 1/11890 .. (6) 

Let now the p, p, t of (4) be the pressure, density, and tem- 
perature at distance r from the centre of a spherical shell 
containing gas in gross-dynamic* equilibrium We have, by 
elementary liydrosiatics, 

^ s= — ^ J driTTTfp^ (6), 



where M denotes the whole quantity of matter within radius a 
from the centre, which may be a nucleus and gas, or may be 
all gas. 

If the gas IS enclosed in a rigid spherical shell, impermeable 
to heat, and left to itself for a sufficiently long time, it settles 
into the condition of gross-thermal equilibrium, by conduction 
of heat,” tin the temperature becomes uniform throughout. But 
if it were stirred Artificially all through its volume, currents not 
considerably disturbing the static distribution of pressure and 
density will bring it approximately to what I have called con- 
vective equilibriumf of temperature — that is to say, the condition 
in which the temperature in any part P is the same as that 
which any other part of the gas would acquire if enclosed in an 
impermeable cylinder with piston, and dilated or expanded to the 
same density as P. The natural stirring produced in a gi'eat free 
fluid mass hke the Sun’s, by the cooling at the surface, *mu8t, 
I believe, maintain a somewhat close approximation to convective 
equilibrium throughout the whole mass The known relations 
between temperature, pressure, and density for the ideal '^perfect 
gas,” when condensed or allowed to expand m a cylinder and 
piston of material impermeable to heat, arej 

p^BTpK (8), (9); 

* Not in moleonlar equilibrinm of oonree; and not in gross-tbennal equilibrium, 
except in tbe case of ( uniform throughout the gas. 

t See *‘On the Convective EquiHbnum of Temperature in the Atmosphere,^* 
Manch^ter J^hil Soc YoL n-, Brd senes, 1862 } and. Yol, m, of Collected JPapers, 

$ See my Collected Jdalhematteal and Phy steal, Papers , VoL i. Art. xlvoii. note 8^ 
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Avhere Ic denotes the ratio of the thermal capacity of the gas, 
pressure constant, to its thermal capacity, volume constant, which 
18 approximately equal to 1’41 or 1*40 (we shall take it 1‘4) fc^ 
all gases, and all temperatures, densities, and pressures , and T 
denotes the temporatuie 'corresponding to unit density in the 
particular gaseous mass under consideration. 


Using (8) to ebmmate p fiom (7) we find 


A 

dr 


dr 


__47r/3(/c-l) 

HTk P 


which, if we put 
and 


pk-i _ 1/(^1? — 1) = /c . 

HTk 

47r^ (/c — 1) 


4 CO 


( 10 ), 

-(11), (12). 

(13) 


takes the remarkably simple form 


d?ih w* 

da^ 


(14) 


Let f{(c) be a particular solution of this equation; so that 
and therefore 

/ 

From this we derive a general solution with one disposable 
constant, by assuming 


" (mw^ t=; — r f(rix)Yrrr^c(r^ 


(15). 


U^Cf{7tlx) ( 16 )? 

which, substituted in (14), yields, m virtue of (15), 

(17); 


BO that we have, as a general solution, 

(18). 

Now the class of solutions of (14) which will interest us most 
is that for which the density and temperature are finite and 
continuous from the centre outwards, to a certain distance, finite 
as we shall see presently, at which both vamsh. In this class 
of cases u increases from 0 to some finite value, aa fl? increases 
from some finite value to oo. Hence if u—f{oo) belongs to this 
class, u^Gf{mic) also belongs to it, and (18) i^ the general 
solution for the ola^ss We have therefore, immediately, the 
following conclusions: — 
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(1) The diameters of dififerent globular^ gaseous stars of the 
same kind of gas are inversely as the -i- (a: — l)th powers (or 
K ^owers) of their central temperatures, at the times when, in 
^ jlo process of gradual coohng, their temperatures at places of the 
same densities are equal (or T” the same for the different masses) 
Thus, for example, one sixteenth central temperature corresponds 
to eight-fold diameter one eighty-first central temperature corre- 
sponds to twenty-seven fold diameter. 

(2) Under the same conditions as (1) (that is, H and T the 
same for the different masses), the central densities are as the 
/cth powers (or powers) of the central temperatures, and 
therefore, inversely as the 2tcj{ic - 1), or 2/(2 — /r), or 10/3, powers 
of the diameters. 

(3) Under still the same conditions as (1) and (2), the 
quantities of matter m the two masses are inversely as the 
[2/(2 — at) — 3]th powers (inversely as the cube roots), of their 
diameters 

(4) The diameters of different globular gaseous stars, of the 
same kind of gas, and of the same central densities, are as the 
square roots of their central temperatures 

(6) The diameters of different globular gaseous stars of 
different kinds of gas, but of the same central densities and 
temperatures, are inversely as the square roots of the specific 
densities of the gases. 

(6) A single curve with scale of ordmate (r) 

and scale of abscissa (y) properly assigned according to (18), 
(17), and (11) shows for a globe of any kind of gas in molecular 
equihbrxum, of given mass and given diameter, the absolute 
temperature at any distance from the centre. Another curve, 
scales correspondmgly assigned, shows the 
distribution of density from surface to centre. 

* This adjective excludes stars or nebuhe rotating steadily with so great angular 
velocities as to be much flattened, or to be annular} also nebulee revolving cir- 
cularly with different angular velocities at different distances from the centre, as 
may be approximately the case with spiral nebulas. It would approximately enough 
include the sun, with his small angular velocity of once round in 26 days, were the 
fluid not too dense through a large part of the interior to approximately obey 
gaseous law It no doubt apphes very accurately to earlier times nf the sun’s 
history, when he was much less dense than he is now* 
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It IS easy to find, with any desired degree of accuracy, the 
(articular solution of (14), for which 

u — A, and ^ = A', where x = a (19), 


t denoting any chosen value of x, and A and A' any two arbitrary 
lumerics, by successive applications of the formula 

1^,+, = ^ -/“ dx (a' (20) ; 

,he quadratures being performed with labour moderately pro- 
jortional to the accuracy required, by tracmg curves on “ section 
laper (paper ruled with small squares) and counting the squares 
ind parts of squares in their areas To begm, may be taken 
irbitrarily, but it may conveniently be taken from a hasty 
graphic construction by drawing, step by step, successive arcs* 
)f a curve with radii of curvature calculated from (14) with the 
ralue of d-u/dx found from the step-by-step process. If this 
prelimmary construction is done with care, by aid of good 
irawing-mstruments, calculated from by quadratures wull be 
bund to agree so closely with ito, that Uo itself will be seen to be 
a good solution. If any difference is found between the two, Wi 
LB the better is a closer approximation than %, and so on, 
svith no hmit to the accuracy attainable. 

Mr Magnus Maclean, my ofi&cial assistant in the University 
of Glasgow, has made a successful beginnmg of the working-out 
this process for the case m= 16 where ir = oo, and has already 
obtained a somewhat approximate solution, of which the produce 
useful for our problem is expressed m the following table. 


« This method of graphically integrating a differential equation of the eecon 
order, vdnoh fiivt occurred to me many years ago as suitable for finding the 
of particular oases of the capillary surface of revolution, ivae 

out for me by Prof John Perry, when a etudent m my “ “ 

aenea of ablfuUy executed drawmga representmg a large variety o 

the Natural Philoaophy Claes of the University of 

rur^ta? raudC iriSSe! aut lo ap^:- - a volume’ of Uecturea now m 
the press, to be puhhshed in the Nature senes 



190 


COSMIOAL AND GEOLOGICAL PHYSICS [160^ 161 


Numerical Solution of + 


W 

J 

Distance from 
oentie 

=r=l/a; 


Eecipiocal of 
distance from 
centre 

=:a; = l/r 


Temperature 

=ti 


Density 
= ^2 6 


Mass within dis- 
tance T from 
the centre 


= duldx 



0 

00 

16*00 

1024 

00 

100 

10 

14 46 

796 2 

28 

111 

9 

14 14 

761 6 

38 

125 

8 

13 71 

696 8 

62 

143 

7 

13 10 

621 2 

731 

167 

6 

12 20 

620 0 

1 056 

200 

6 

10 92 

394'1 

1 666 

260 

4 

900 

243 0 

2 336 

333 

3 

6 16 

93-81 

3 436 

600 

2 

2 26 

7 695 

4 366 

667 

1'6 

0 

0 

4 49 


The deduction from these numbers, of results expressing in 
terms of convenient units the temperature and density at any 
point of a given mass of a known kmd of gas, occupying a 
sphere of given radius, must be reserved for a subsequent 
communication 

One interestmg result which I can give at present, derived 
from the fimt and last numbers of the several columns of the 
preceding table, is, that the central density of a globular gaseous 
star is 22^ times its avei'age density 

* [See no. 160 infra.] 


161. Polar Ice-caps and theib Influence in Changing 

Sea-levels. 

[From Olasff Oeol Soo Vol vra. [Feb 16, 1888], pp 322—340. Reprinted 
in Popular Lscturea and Addreaiea, Vol. II. pp. 319—369,] 
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162. Comment le Soleil a CoMMENCifi 1 Br^tler 

[^lom rAstronomie^l’oi xi Oct 1892, pp 301— 3G7; abstracted m 

Vol XLVi Oot, 20, 1892, p 697. Incor^jorated in Popular Leciurea and 

Addresses^ Vol i, pp 309—422.] 

La question de savoir si le Soleil va actuollement cn se refroi- 
di&sant ou en s’dchaufifant est excegsivement compliqute et, cn fait, 
la poser ou y r^pondie ost un paradoxe k moms que nous no 
d6fimssions exactement ou la temperature doit 6trc comptde. Si 
nous demandons comment la temperature de regions d’egalc 
densite du globe solaire vane d’llge en age, la reponao est cer- 
tainement que la matiere du Soleil dont la densite a une valeur 
determinee, soit par exemple la densite ordinaire de notre atmo- 
sphere, va constamment en se refioidissant, quelle que soit sa place 
dans le fluide, et quelle que soit la loi do compression de ce 
dernier Mais la distance k rmt(^rieur du globe ^ Impiello on 
trouve une density constante dmiinue aveo la contraction du globe, 
et il pent se faire qu'ii des profondeum 4gales au-dessous de la 
surface la chaleur devienne de plus en plus 61ev(Jo. Tel serait 
certainement le cas, si la loi de la condensation gazeuse sc con- 
tinuait partout, mais alors, la temperature rayonnanto effective 
en vertu de laquelle le Soleil r^pand sa chaleur au dehors peut 
s’abaisser parce que les temperatures de portions de m^mo density 
vont en diminuant dans toutes les circonstances 

Laissons cette question difificile et compliqu^e aux investi- 
gateurs.sp6ciaux de la physique solaire, et posons simplement le 
problfeme sous ce titre. Quelle est la temperature du centre du 
Soleil ^ Augmente-t>elle ou diimnue-t-elle ? 

Si nous remontons dans le passd k quelquea millions d’ann4es 
en arrifere, 4poque k laquelle le Soleil 6tait entiferement gazeux 
jusqu’^ son centre, alors, certainement la temperature centrale 
allait en augmentant D autre part,comme il est possible quoique 
mon probable pour le temps present (mais ce qui arrivera sans 
doute dans Tavemr), shl y a l^i un noyau aolide, dans ce cas la 
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temperature centrale va auBsi en augmentant, parce que la con- 
ductibihte de la chaleur au dehors de ce noyau solide est trop 
le^ite pour compenser Faugmentation de pression due Faccroisse- 
rxitfht de gravitd dans le fiuide se condensant autour du centre 
solide, Mais k une certaine dpoque dans Thiatoire d’un globe 
entierement fluide et primitivement gazeux, se contractant sous 
rinfluence de sa propre gravitation, et du rayonnement de sa 
chaleur, dans I’espace extdneur glac^, lorsque les legions centrales 
sont devenues assez denses pour ne plus subir de condensation 
plus grande que celle qui s’effectue suivant la loi gazeuse dea 
simples proportions, il me semble certain que Taccroiasement de 
chaleur doit cesser, et que la temperature centrale doit commencer 
k dimmuer en raason du refroidissement par le rayonnement de la 
surface et du melange de ce fluide refroidi avec celui des regions 
int^rieures 

Nous arnvons maintenant Taspect le plus int^ressant de 
notre sujet. Thistoire ancienne du Soleil. 

H y a cmq k dix millions d’ann^es, le globe solaire a dti avoir 
un diamhtre double de celui qu’il posshde actuellement et une 
densitd dgale au huiti^me de sa density actuelle, c’est-a-dire ^ 
0,174 de celle de Teau, mais nous ne pouvons pas, avec quelques 
probabilitds d’argument ou de speculation, reinonter beaucoup 
plus haut dans la physique solaire, 

Une question shmpose pourtant: quel dtait T^tat de lamati^re 
constitutive du Soleil avant qu’elle fht rdunie en une seule masse 
et devlnt chaude ? Nous pouvons imaginer dans Tespace doux 
masses solides froides s’attirant mutuellement, et tombant Tune 
BUT Tautre en vertu de cette attraction Ou bien, mais ccci est 
beaucoup moms probable, il pent avoir existd deux masses se 
heurtant avec des vitesses consid4rablement plus grandes que 
celles qui auraient ^td dues k leur attraction mutuolle. 

Cette dernifere hypoth^se iraplique que, si nous appelons les 
deux corps A et -B, le mouvement du centre d'inertie de B relative- 
ment k A doit, lorsque la distance entre eux dtait grande, avoir 
^td dingd justement vers le centre d’lnertie de A. Cette hypo- 
thfese eat fort improbable D^un autre c6td, il est certain que les 
deux corps A et B m repos dans Tespace, abandonnds k eux- 
mSmes sans perturbations dues k des corps extdrieurs et unique- 
ment influences par leur gravitation mutuelle, s© heurteraient 
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directement sans mouvement de leur centre d’lnertie et sans 
rotation consecutive apr^a la collision. 

La probability d\me rencontre entre deux aatres voisins, ap- 
partenant k un giand nombre de corps s'attiranb mutuellement 
et disa4mines dans Tespace, est beaucoup plus grande si ceux-ci 
sent en repos quo s’ils se meuvent dans quolque direction que ce 
soit, et avoc dcs vitesses beaucoup plus grandes que celles qu’ils 
acqiiorraiont on toinbant du repos les uns sur les autres. 

L’Astronomie stellaire, si splendidement aidye par le spectro- 
scope, nous rnontre, du reate, quo les mouvements propres des 
etoilos et de notre Solcil aont genyralement tr^s petits compara- 
tivement la vitesso (G12 kilometres par seconde) qu'une masse 
acqueiTait en tombant sur le Soleil, et sent comparables au 
mouvement trfes modyry do la Torre sur son orbite (29 kilometres 
et demi par seconde) 

Pour fixer les idees, imaginons deux globes solides et froids, 
chacun d^un diambtro ygal a la moitiy do celui du Soleil et d*une 
density moyenne ygale k celle de la Terre, ces globes ytant en 
repos ou k peu pr^s et yioignys Tun de Tautre de deux fois la 
distance de la Terre au Soleil. Ils tomberont Tun sur Tautre et 
se heurteront juste apr^s une demi-annye de chute. La colksion 
durora une dcmi-houre, dans le cours de laquelle ces deux corps 
seront transformes en une masse fluide, incandescente, violemment 
agitye, flottant en dehors de la ligne de mouvement avant le choc,, 
et agraiidie k des dimensions plusieurs fois auperieures k la somme 
dos volumes primitifs des deux globes. 

Do combien cetto masse fiuide s’ycartera-t-elle autour de la 
surface do collision? II est impossible de le dire. Le mouve- 
ment cst trop cornpliquy pour Stre analysy par aucune mythode 
mathymaticpio connue. Main un calculateur armd dhine patience 
suffisante pourrait le determiner avec une certaine approximation. 
La distance atteinte par la frange circulaire externe de la masse 
fluide sorait probablement beaucoup moindre que la distance 
parcourue par ohaque globe avant le choc, parce quo la vitesse 
de translation des moiycules, consbituant la chaleur en laquelle 
rynergie to bale de la chute onginaire des globes aurait yt6 
tranaformye, prendrait sans doute les troia cmquiymes de la 
quantity totale de cette ynergie. Xa durye de la dispersion serait 
moindre qu’une demi-annye, et alors le fluide conamencerait k 

13 
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retomber de nouveau vers la surface tin an environ aprfes le 
premier choc, la masse fluide sei'ait de nouveau dans un 4tat de 
pression maximum autour du centre, et cette fois peut-Stre plus 
violemment agitde encore que la premiere, et de nouveau elle se 
disperserait encore, mais cette fois dans le sens de Taxe, et vers 
les positions d’oii les deux globes seraient tomb^s Une nouvelle 
chute vers le centre succdderait encore aux pidcddentes, et apr^s 
une s4rie d’oscillations de plus en plus rapides, cette masse 
fimrait probablement, aprhs deux ou trois ans, par former un soleil 
sphdnque ayant environ la m^me masse, la m^me chaleur et le 
m6me 4clat que notre Soleil actual, mais sans mouvement de 
rotation 

Nous avons supposd les deux globes en repos au moment oh 
ils tombaient Tun sur Tautre, en vertu de leur attraction mutuelle, 
d'une distance dgale au diamfetre de Torbite terrestre. Admettons 
mamtenant qu'au lieu d’avoir 6td en repos, ils aient dtd mus 
transversalement en direction contraire, avec une vitesse relative 
de 2 mMres par seconde, ou plus exactement, de 1“,89. Le 
moment de rotation de ces mouvements autour d’un axe pass€tnt 
par le centre de gravitd des deux globes perpendiculaires k leur 
ligne de mouvement est juste dgal au moment de la rotation du 
Soleil autour de son axe. La vitesse transversale dont nous 
parlous est si petite qu'aucun des rdsultats dtablis prdcddemment 
sur la grandeur, la chaleur, et Vdclat du Soleil ainsi cr4d ne serait 
sensiblement altdrd ; seulement, au lieu d’etre sans rotation, il 
toumerait mamtenant sur lui-m6me en vmgt-cinq jours, et serait 
par consequent k tons les pomts de vue identique ^ notre Soleil 
actueh 

Si, au lieu d’etre pnmitivement en repos ou de se mouvoir 
avec les faibles vitesses transversales dont nous avons parld, 
chaque globe avait une vitesse transversale de 710 metres par 
seconde, les deux globes dviteraient le choc et tourneraienb en 
elhpses autour de leur centre commun de gravity en une p^riode 
d’un an, s’effleurant juste k la surface Tun de Tautre chaque fois 
quails passeraient au point le plus proche de leurs orbites. 

Si la vitesse initiale transversale de chaque globe dtait Idgfere- 
ment inf^rieure h 710 mfetres par seconde, il y aurait une violente 
collision k reffleurement et deux soleils brillants, globes solides 
baign48 dans une atmosphere de feu, prendraient naissance en 
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quelques heures, et commenceraient k tourner autour de leur 
centre commun de gravity, suivant de longues orbites elliptiquea 
en une p^riode d'un pen moins d’un an, Taction rdciproque de 
leurs marges diminuerait les excenbncit^s de leurs orbites et 
finirait par faire tourner les deux coip)s circulairement, k une 
distance de 6,44 diam^tres de chacun d’eux, d'une surface k 
Tautre 

Imaginons maintenant, en choisissant encore un cas particulier 
pour fixer nos iddes, que 29 millions de globes solides et froids, 
chacun ayant environ la mfime masse que la Lune, et dont la 
masse totale ^quivaudrait k celle du Soleil, soient diss6minds aussi 
uniform^ment que possible sur une surface sphdrique d’un rayon 
dgal k cent fois le rayon de Torbite terrestre, et que tous ces 
globes soient absolument en repos. Ils se mettronfc tous k tomber 
vers le centie de la sphere, quhls atteindront au bout de 250 ans, 
Chacun de ces 29 millions de globes sera alors, dans Tespace d'une 
demi-heure, fondu et 61evd k la temperature de plusieurs centaines 
de mille ou de millions de degree centigrades. La masse fluide 
ainsi engendrde par cette prodigieuse chaleur s'dpandra ex- 
tdneurement tout autour du centre k T^tat de gaz ou de vapeur, 
mais elle n'attemdra pas les dimensions de la sphere primitive que 
nous avons imagm4e. 

Aprfes une sdrie d'expansions et de condensations cons^cutives, 
le globe incandescent fimra, au bout de trois ou quatre cents ans, 
par former une n^buleuse gazeuse mesurant quarante fois le rayon 
de Torbite terrestre. La density moyenne de cette n^buleuse 
serait 1/(215 x 40)“, ou le six cent trente-six mille millioni^me, 
de la densitd moyenne du Soleil, ou le quatre cent cinquante- 
qiiatre mille millioni^me de la density de Teau, ou le cinq cent 
soixante-dix millionifeme de la density de Tair, k la temperature 
de 10° et au niveau de la men 

Dans les regions centrales de cette immense n^buleuse la 
density, sensiblement uniforme k travers plusieurs millions de 
kilometres, serait un vingt mille millioni^me de celle de Teau, ou 
un vingt-cinq millioni^me de celle de Tair. Si c’^tait de Toxygfene 
ou de Tazote, ou quelque gaz simple ou oomposd, de densitd 
sp4cifique 6gale k celle de notre atmosphere, la temperature centrale 
serait de 61200 degr4s centigrades, et la vitesse moyenne des 
molecules serait de 6700 mHres par seconde. 

13—2 
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La n^uleuse gazeuse am si constitute serait, dans le cours de 
quelques millions d’anntes, par le rayonnement exttneur de sa 
chaleur, condenste au volume actuel du Soleil, avec la m6me 
chaleur et la mtme lumitre, mais sans mouvement de rotation. 

Le moment de rotation du systtme solaire tout entier est 
environ dix-huit fois celui de la rotation du Soleil, et, dans cette 
quantitt, Jupiter reprtsente les || et le Soleil les autres corps 
du systtme solaire peuvent ttre ntgligts 

Mamtenant, au lieu d’etre absolument en repos k Tongine, 
admettons que nos 29 millions de lunes soient animtes chacune 
d’un Itger mouvement reprtsentant en tout une quantity de 
moment de rotation autour d^un certam axe, tgal au moment de 
rotation du systtme solaire, ou bien beaucoup plus considtrable, 
pour tenir compte du milieu resistant, toutes ces lunes tomberont 
aussi vers le centre, en 250 ans, et quoiqu’elles ne se rencontrent 
pas juste en ce point comme dans Thypothtse prtctdente, elles 
se rencontreront ntanmoins et subiront les unes par les autres des 
mynades de chocs, de sorte que chacun de ces 29 millions de 
globes sera fondu et rMuit en vapeur par la chaleur resultant de 
ces chocs. II s’en suivra un mouvement de rotation, la n^buleuse 
sera aplatie et son rayon Equatorial s’Etendra fort au delib de 
Torbite de Neptune, avec un moment de rotation Egal ou superieur 
k celui du systEme solaire. 

Telle est prEcisEment rorigine demandEe par Laplace pour 
sa thEorie nEbulaire de TE volution du systEme solaire, thEorie qui, 
fondEe sur Thistoire de TUnivers sideral tel qu’Herschel Tavait 
observE, et complEtEe dans ses dEtails par le profond jugement 
dynamique et le gEme imaginatif de Laplace, paralt aujourd’hui 
une vEntE dEmontrEe par la Thermodynamique. 

Ainsi, il semble ne plus rester en rEalitE de giand mystere ni 
de grande difficultE dans T Evolution automatique du systEme 
solaire, venu de matEnaux froids rEpandus travers Tespace, 
jusquEj son ordre et sa beautE actuals, illuminE et EchauffE par un 
bnllant soleil central, pas plus quhl n^y en a dans la marche d^une 
horloge jusqu k ce qu'elle s’arrEte II serait superHu d’aj outer que 
1 ongme et 1 entretien de la vie sur la Terre est absolument et 
infiniment au delE. des hmites des spEculations shres de la science 
dynamique. La seule contribution de la Dynamique k la biologie 
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th^orique est la negation absolue d’un commencement automatique 
ou d'un entretien automatique de la vie. 

Je no tirerai de ce qui precede qu’une conclusion Supposons 
que la masse du Soleil soit compos^e de mat^naux qui 6taient 
primitivement tr^s 61oign6s les uns des autres et £ioids,rant6c6dent 
immediat de I’lncandescence aolaire doit ^tre cherch6, soit dans 
deux corps diff^rents seulement d.ins les details des cas que nous 
avons consid^r^s comme exemples, ou dans un plus grand nombre 
qui, malgrd sa grandeur, pent cependant 6 tie d6fim, attendu que 
le nombie des atomes qiu constituent la masse actuelle du Soleil 
n'est pas infini, et doit 6tre compria entre 4 x et 140 x 10”^. 
L’ant^cddent imm^diat k rincandeacence peut avoir 6t6 une sub- 
division extreme, telle que des atomes sdpards, ou bien quelque 
chose de plus grand, comme des groupes d’ atomes ou de petits 
cristaux, ce qu'on pourrait appeler des flocons de matiere , ou bien 
on peut imaginer des morceaux plus gros, tels que des pierres 
ordinaires que Ton peut lancer ii, la mam, ou bien encore des 
uranolithes plus consid&ables, tels que ceux que nous poss^dons 
dans nos collections ot qui sent v6ntablement tomb6s du ciel sur 
la Terre. 

Pour la th<^orie du Soleil, il est indifferent d’adopter Tun ou 
Tautre de ces dtats de la matifere, depuis I'atome ou la poussi^re 
jusqu’aux plus grandes masses. Maia ici se pose une question 
plus primordiale encore. Pouvons-nous imaginer que ces urano- 
lithes aient dtd tels dfes Tongine des choses ? Nous pouvons 
penser que le Soleil est le r^sultat de Tagglom^ration de pierres 
mdtdori()ues ; mais nous ne pouvons gufere remonter plus haut. 

Shrement ces pierres tomb6es du oiel ont une histoire pleme 
dMv^nements, mais il est difiBcile de la conjecturer, ce sont lea 
fragments brisds de masses plus considerables, mais quelles etaient 
cea masses, nous ne le savons pas. 


163. SoLAB Relations op Maonetio Stobms^ Ohangbs 
OF Latitude. 

[^Presidential Address^ from Roy, Roa Proo, YoL Ln. [Kov. 30, 1892], 1893, 
pp. 300-310 ; Rature, Yol. XLvn Deo. 1, 1892, pp. 107—111. Beprmted 
in Po^yvhi&* heoim^es and Addressee, YoL n. pp. 608 — 629 ] 



( 198 ) 


[164 


164 On the Tempebature Variation of the Thermal 
Conductivity of Eocks. By Lord Kelvin and J E. 
Ebskine Murray, BSc. 

[From Glm Phil Soo Froc Vol xxvi [Maroh 27, 1895], pp 227—232, 
Ro^ JSoc Proo Vol LVin [May 30, 1895], pp 162—167 , Nature, 
Vol. m May 16, p 70, June 20, 1895, pp 182 — 184 ; Amer, Joum 
Soi, Vol. L (3rd Ser), 1895, pp. 419 — 423] 

1, The expenmonts described in this communication were 
undertaken for the purpose of finding temperature variation of 
thermal conductivity of some of the more important rocks of the 
earth’s crust. 

2, The method which we adopted was to measure, by aid of 
thermoelectric junctions, the temperatures at different points of a 
flux line m a solid, kept unequally heated by sources (positive and 
negative) applied to its surface, and maintamed umform for a 
sufficiently long time to cause the temperature fco be as nearly 
constant at every pomt as we could arrange for. The shape of the 
sohd and the thermal sources were arranged to cause the flux 
lines to be, as nearly as possible, parallel straight lines , so that, 
accordmg to Fourier’s elementary theory and definition of thermal 
conductivity, we should have 

k{M,£)_\viM)--v(T)]-MT 

k {T, M) “ [i; {£) - {M)] -r £M^ 

where T, M, £ denote three points in a stream line (respectively 
next to the top, at the middle, and next to the bottom m the 
slabs and columns which we used), v(T), v(M), v(£) denote the 
steady temperatures at these points , and k (T, M), k (M, S), the 
mean conductivities between T and if, and between M and £ 
respectively. 

3, The rook experimented on in each case consisted of two 
equal and similar rectangular pieces, pressed with similar faces 
together In one of these faces three straight parallel grooves are 
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cut, just deep enough to allow the thermoelectric wires and 
junctions to be embedded m them, and no wider than to admit the 
wires and junctions (see diagram, § 8 below). Thus, when the 
two pieces of rock are pressed together, and when heat is so 
applied that the flux lines are parallel to the faces of the two 
parts, we had the same result, so far as thermal conduction is 
concerned, as if we had taken a single slab of the same size as the 
two together, with long fine perforations to receive the electric 
junctions. The compound slab was placed with the perforations 
horizontal, and their plane vertical. Its lower side, when thus 
placed, was immersed under a hath of tin, kept melted by a lamp 
below it Its upper side was flooded over with mercury in our 
later experiments (§§ 6, 7, 8), as in Hopkins' experiments on the 
thermal conductivity of rock. Heat was carried off from the 
mercury by a measured quantity of cold water poured upon it 
once a minute, allowed to remain till the end of a minute, and 
then drawn off and immediately replaced by another equal quantity 
of cold water. The chief difficulty in respect to steadmess of 
temperature was the keeping of the gas lamp below the bath of 
melted tin uniform. If more experiments are to be made on the 
same plan, whether for rocks or metals, or other solids, it will, no 
doubt, be advisable to use an automatically regulated gas flame, 
keeping the temperature of the hot bath in which the lower face 
of the slab or column is immersed at as nearly constant a tem- 
perature as possible, and to arrange for a perfectly steady flow 
of cold water to carry away heat from the upper surface of the 
mercury resting on the upper side of the slab or column. It will 
also be advisable to avoid the complication of havmg the slab or 
column in two parts, when the material and the dimensions of the 
solid allow fine perforations to be bored through it, instead of the 
grooves which we found more readily made with the appliances 
available to us. 

4. Our first experiments were made on a slate slab, 26 cm. 
square and 6 cm, thick, in two halves, pressed together, each 26 cm. 
by 12*6, and 6 cm. thick. One of these parts cracked with a loud 
noise in an early experiment, with the lower fece of the composite 
square resting on an iron plate heated by a powerful gas burner, 
and the upper face kept cool by ice in a metal vessel restmg upon 
It) The experiment indicated, very decidedly, less conductivity in 
the hotter part below the middle than in the cooler part above the 
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middle of the composite square slab. We supposed this might 
possibly be due to the crack, which we found to be horizontal and 
below the middle, and to be complete across the whole area of 
12^ cm. by 5 , across which the heat was conducted in that part of 
the composite slab , and to give rise to palpably imperfect fittmg 
together of the solid above and below it We therefore repeated 
the experiment with the composite slab turned upside down, so as 
to brmg the crack m one half of it now to be above the middle, 
instead of below the middle, as at first. We still found for the 
composite slab less conductivity m the hot part below the middle 
than in the cool part above the middle We inferred that, in 
respect to thermal conduction through slate across the natural 
cleavage planes, the thermal conductivity diminishes with increase 
of temperature. 

6. We next tried a composite square slab of sandstone of the 
same dimensions as the slate, and we found for it also decisive 
proof of diminution of thermal conductivity with increase of 
temperature. We were not troubled by any cracking of the sand- 
stone, with its upper side kept cool by an ice-cold metal plate 
resting on it, and its lower side heated to probably as much as 
300° or 400° 0 

6. After that we made a composite piece, of two small slate 
columns, each 3 6 cm. square and 6*2 cm. high, with natural 
cleavage planes vertical, pressed together with thermoelectric 
junctions as before , but with appliances (§ 10 below) for pre- 
venting loss or gain of heat across the vertical sides, which the 
smaller horizontal dimensions (7 cm., 3*5 cm.) might require, but 
which were mamfestly unnecessary with the larger horizontal 
dimensions (25 cm , 26 cm.) of the slabs of slate and sandstone 
used in our former experiments. The thermal flux lines in the 
former experiments on slate were perpendicular to the natural 
cleavage planes, but now, with the thermal flux lines parallel to 
the cleavage planes, we still find the same result, smaller thermal 
conductivity at the higher temperatures. Numencal results will 
be stated in § 12 below. 

7. Our last experiments were made on a composite piece of 
Aberdeen granite, made up of two columns, each 6 cm. high and 
7*6 cm. square, pressed together, with appliances similar to those 
described in § 6 ; and, as in all our previous experiments on slate 
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and sandstone, we found less thermal conductivity at higher tem- 
peratures. The numerical results will be given in § 12 below, 

8 The accompanying diagram represents the thermal ap- 
pliances and thermoelectric arrangement of §§ 6, 7. The columns 
of slate or granite were placed on supports in a bath of melted tin 
with about 0*2 cm of their lower ends immersed The top of each 
column was kept cool by mercury, and water changed once a 
minute, as described in § 3 above, contained in a tank having the 
top of the stone column for its bottom and completed by four 
vertical metal walls fitted into grooves in the stone and made 
tight against wet mercury by marine glue 

1 

i 


E 



Iron wires are marked t. Platinoid wires are marked p. 

B, T, M, Thermoeleotrio junctions in slab. 

X ,, „ oil bath 

A, Bath of molten tin. 0 Tank of cold water. 

D. Oil bath E, Thermometer 

F. Junctions of platinoid and copper wires^ The wires ore insulated from one 
another, and wrapt all together in cotton wool at this part, to secure equahty 
of temperature between these four junctions, in order that the current through 
the galvanometer shall depend solely on differences of temperature between 
whatever two of the four junotiohff, A, T, K, B, is put in circuit with the 
galvanometer. 

<?, Galvanometer. 

H. Four mercury cups, for convenience in connecting the galvonometer to any pan 
of thermoeleotrio junctions, 

Xt 6, m, t are connected, through copper and platinoid, with X, B, M, T, respec- 
tively. 
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9. The temperatures, v (B), v (if), v (T), of B, M, T, the hot, 
intermediate, and cool points in the stone, were determined by 
equalising to them successively the temperature of the mercury 
thermometer placed in the oil- tank, by aid of thermoelectric 
circuits and a galvanometer used to test equality of temperature 
by nullity of current through its coil when placed in the proper 
circuit, all as shown in the diagram The steadiness of tem- 
perature in the stone was tested by keeping the temperature of 
the thermometer constant, and observing the galvanometer reading 
for current when the junction in the oil-tank and one or other of 
the till ee junctions in the stone were placed m circuit. We also 
helped ourselves to attaining constancy of temperature in the 
stone by observing the current through the galvanometer, due to 
differences of temperature between any two of the three junctions 
B, if, T placed in circuit with it. 

10. We made many expenments to test what appliances 
might he necessary to secure against gain or loss of heat by the 
stone across its vertical faces, and found that Taeselguhr, loosely 
packed round the columns and contained by a metal case sur- 
rounding them at a distance of 2 cm. or 3 cm,, prevented any 
appreciable disturbance due to this cause. This allowed us to 
feel sure that the thermal flux bnes through the stone were very 
approximately parallel straight Imes on all sides of the central 
line BMT, 

11. The thermometer which we used was one of Cossella’s 
(No, 64,168) with Kew certificate (No. 48,471) for temperature 
from 0° to 100*^, and for equality in volume of the divisions above 
100°. We standardised it by comparison with the constant volume 
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air thermometer* of Dr Bottomley with the above result This 
IS satisfactory as showing that when the zero error is corrected the 
greatest error of the mercury thermometer, which is at 211° 0 , is 
only 0 3°. 

12 Each experiment on the slate and granite columns lasted 
about two hours from the first application of heat and cold , and 
we generally found that after the first hour we could keep the 
temperatures of the three junctions very nearly constant Choosing 
a time of best constancy m our experiments on each of the two 
substances, slate and gramte, we found the following results — 

Slate flux lines parallel to cleavage 

^;(r)=60°*2C. i;(ilf) = 123°*3C, v(B)- 202°-3O 

The distances between the junctions were jBif==2'57 cm. and 
MT — 2 6 cm Hence by the formula of § 2, 

A; (T, if) ~ 79 0 --2*67 30 7 ^ 

Aberdeen granite 

t;(r) = 8riC. ^ (if) = 145°*6 C. i;(5)=:214°-6C. 

The distances between the junctions were J5Jf=l*9 cm, and 
MT = 20 cm. 

h {MB) _ 64-5 T- 2*0 32 2 _ 

h {TM) 69 0 - 1*9 "" 36*3 ^ 

13 Thus we see, that for slate, with lines of flux parallel to 
cleavage planes, the mean conductivity m the range from 123° 0. 
to 202° C IS 91 per cent, of the mean conductivity in the range 
from 60° 0 to 123° C., and for granite, the mean conductivity in 
the range from 146° C to 214° 0. is 88 per cent, of the mean 
conductivity m the range from 81° C. to 145° C. The general 
plan of apparatus, described above, which we have used only for 
comparing the conductivities at different temperatures, will, we 
beheve, be found readily applicable to the determination of con- 
ductivities in absolute measure. 


Fhtl Afap., August, 1888, and JBdinb. Roy Soc. Proc,, January 6, 1888. 
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166. On the Fuel-Sxtpplt and the Aib-Supply 

OF THE EaBTH 

[From Bntuh Amoiation Report^ 1897, pp 663, 664,] 

All known fuel on the earth is probably residue of ancient 
vegetation One ton average fuel takes three tons oxygen to burn 
it, and therefore its vegetable origin, decomposing carbonic acid 
and water by power of sunlight, gave three tons oxygen to our 
atmosphere Every square metre of earth's surface bears ten tons 
of air, of which two tons is oxygen The whole surface is 126 
thousand millions of acres, or 610 million millions of square metres. 
Hence there is not more than 340 million million tons of fuel on 
the earth, and this is probably the exact amount, because probably 
all the oxygen in our atmosphere came from pnmeval vegetation. 

The surely available coal supply of England and Scotland was 
estimated by the Coal Supply Commission of 1871, which included 
Sir Roderick Murchison and Sir Andrew Ramsay among its mem- 
bers, as being 146 thousand million tons, This is approximately 
six-tenths of a ton per square metre of area of Great Britain. To 
bum it all would take one and eight-tenths of a ton of oxygen, or 
withm two- tenths of a ton of the whole oxygen of the atmosphere 
resting on Great Britain The Commission estimated fifty-six 
thousand million tons more of coal as probably existing at present 
in lower and less easily accessible strata. It may therefore be 
considered as almost quite certain that Great Bntain could not 
bum all its own coal with its own air, and therefore that the coal 
of Britain is considerably in excess of fuel supply of rest of world 
reckoned per equal areas, whether of land or sea. 
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166 . The Age of the Eabth as an Ajbode fitted for 

Life*. 

[From Joum, Vicio^'ia Institute^ Loiidon^ Vol XXXL 1899, pp. 11 — 35, Pre- 

sidentiaZ Address (1897 ) ; Amh Rep, Srrvitlisifi Inst 1897, 1898, pp 337 — 

367 , Phd, Mag, VoL XLvn. Jan. 1899, pp 66 — 90 [with additions +] ] 

1. The age of the earth as an abode fitted for life is certainly 
a subject which largely interests mankind in general For geology 
it is of vital and fundamental importance — as important as the 
date of the battle of Hastings is for Enghsh history — yet it was 
very little thought of by geologists of thirty or forty years ago , 
how httle IS illustrated by a statement J, which I will now resid, 
given originally from the presidential chair of the Geological 
Society by Professor Huxley in 1869, when for a second time, 
after a seven years' interval, he was president of the Society, 

“ I do not suppose that at the present day any geologist would be found 
...to deny that the rapidity of the rotation of the earth may be diminishing, 
that the sun may be waxing dim, or that the earth itself may be coohng 
Most of us, I suspect, are Galhos, ‘ who care for none of these things,* being 
of opinion that, true or fictitious, they have made no practical difiierence to 
the earth, during the period of which a record is preserved m stratified 
deposits.*’ 

2. I believe the explanation of how it was possible for 
Professor Huxley to say that he and other geologists did not care 
for thmgs on which the ago of life on the earth essentially 
depends, is because he did not know that there was valid foundation 
for any estimates worth considering as to absolute magnitudes. 
If science did not allow us to give any estimate whatever as to 
whether 10,000,000 or 10,000,000,000 years is the age of this earth 

* [Lord Kelvm inserted in his press-copy of this paper the account of <*ThG 
laava Lahe of Kilauea/* signed S. E. Bishop, which appeared in Navwre^ 
September 4, 1902.] 

t Oommunioated by the Author, being the 1897 Annual Address of the Yiotoria 
Institute with additions written at different tunes from June 1897 to May 1898. 

$ In the printed quotations the italics are mine in every case, not so the 
capitals in the quotation from Page’s 
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as an atode fitted for life, then I think Professor Huxley would 
have been perfectly right in saying that geologists should not 
trouble themselves about it, and biologists should go on m their 
own way, not enquiring mto things utterly beyond the power of 
human understanding and scientific investigation This would 
have left geology much in the same position as that in which 
English history would be if it were impossible to ascertain whether 
the battle of Hastings took place 800 years ago, or 800 thousand 
years ago, or 800 million years ago. If it were absolutely im- 
possible to find out which of these periods is more probable than 
the other, then I agree we might be Gallios as to the date of the 
Norman Conquest. But a change took place just about the time 
to which I refer, and from then till now geologists have not con- 
sidered the question of absolute dates in their science as outside 
the scope of their mvestigations. 

3. I may be allowed to read a few extracts to indicate how 
geological thought was expressed in respect to this subject, m 
various largely used popular text-books, and in scientific writings 
which were new in 1868, or not so old as to be forgotten. I have 
several short extracts to read and I hope you will not find them 
tedious. 

The first is three lines from Darwin^s Origin of Species, 1869 
edition, p. 287 — 

In all probability a far longer period than 300,000,000 years has elapsed 
since the latter part of the secondary period," 

Here is another still more important sentence, which I read to 
you from the same book : — 

“ He who can road Sir Oharlos Lyell’s grand work on the Prinoiples of 
Geology, which the future historian will recognize as having produced a 
revolution in natural science, yet does not admit how inoomprehmsihly vast 
have been the past periods of time, may at once olose this vohme.^'^ 

I shall next read a short statement from Pagers Advanced 
Students’ Teoot-Booh of Geology, published in 1869 : — - 

<< Again where the FOBOE seems unequal to the result, the student 
should never lose sight of the element TIME : an dement to which we cm 
eet no homda in the past, any more than wo know of its limit in the future," 

**It will be seen from this hasty indication that there are two great 
schools of geological causation — the one ascribing every result to the ordinary 
operations of Nature, combmed with the element of unlimited time, the other 
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appealing to agents that operated during the earher epochs of the world with 
gimter intensity, and also for the most part over wider areas The forw&r 
belief %s certainly more in accordance with tJm epint of right philosophy^ though 
it must be confessed that many problems m geology seem to find their 
solution only through the admission of the latter hypothesis ’’ 

4 I have several other statements which I think you may 
hoar with some interest. Dr Samuel Haughton, of Trinity College, 
Dublin, in his Manual of Geology, published in 1866, p 82, 
says — 

“The infinite time of the geologists is in the past, and most of their 
speculations regarding this subject seem to imply the absolute infinity of time, 
as if the human imagination was unable to grasp the period of time requisite 
for the formation of a few inches of sand or feet of mud, and its subsequent 
consolidation into rock” (This delicate satire is certainly not overstramed ) 

“Professor Thomson has made an attempt to calculate the length of 
time during which the sun can have gone on burning at the present rate, 
and has come to th^ following conclusion. — ‘It seems, on the whole, most 
probable that the sun has not illuminated the earth for 100,000,000 years, 
and almost certain that he has not done so for 500,000,000 years. As for the 
future, wo may say with equal certainty, that the inhabitants of the earth 
cannot continue to enjoy the light and heat essential to their life for many 
million years longer, unless new sources, now unknown to us, are prepared m 
the great storehouse of creation.^ ” 

I said that in tho sixties and I repeat it now, but with 
charming logic it is held to be inconsistent with a later statement 
that the sun has not been shining 60,000,000 years, and that 
both that and this are stultified by a still closer estimate which 
says that probably the sun has not been shining for 30,000,000 
years 1 And so my efforts to find some limit or estimate for 
Geological Time have been referred to and put before the public, 
even in London daily and weekly papers, to show how exceedmgly 
wild are the wanderings of physicists, and how mutually contra- 
dictory are their conclusions, as to the length of time which has 
actually passed since tho early geological epochs to the present 
date. 

Dr Haughton further goes on : — 

“ This result (100 to 600 million years) of Professor Thomson’s, although 
very lihered in the allowcmce of tiTne, has offended geologists, because, hming 
been accustomed to deal with time as an infinite quantity at their disposal, they 
feel naturcdly embarrassment and alarm at any attempt of the science of 
Physics to place a limit upon their speculations. It is quite possible that even 
a hundred million of years may be greatly in excess of the actual time durmg 
which the sun’s heat has remained constant.” 
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5. Dr Haughton admitted so much with a candid open mind , 
but he went on to express his own behef (in 1866) thus — 

Although I have spoken somewhat disrespectfully of the geological 
calculus lu my lecture, yet I believe that the time during which organic life 
has existed on the earth is practically infinite, because it can be shown to be 
so great as to be inconceivable by bemgs of our limited intelligence ” 

Where is mconceivableness m 10,000,000,000 ? There is 
nothing inconceivable in the number of persons in this room, 
or m London We get up to millions quickly. Is there anything 
inconceivable in 30,000,000 as the population of England, or in 
38,000,000 as the population of Great Britain and Ireland, or m 
352,704,863 as the population of the British Empire ? Not at all. 
It 18 just as conceivable as half a million years or 500 millions 

6. The following statement is from Professor Jukes’s Students' 
Manital of Geology — 

“The time required for such a slow process to efieot such enormous results 
must of course be taken to be inconceivably great. The word ^inconceivably’ 
IS not here used m a vague but in a literal sense, to mdicate that the lapse of 
time reqmred for the denudation that has produced the present surfaces of 
some of the older rocks, is vaet beyond any idea of time which the human 
mmd IS capable of conceiving,” 

“Mr Darwin, m his admirably reasoned book on the origin of species, so 
full of information and suggestion on all geological subjects, estimates the 
time required for the denudation of the rooks of the Weald of JKent, or the 
erosion of space between the ranges of chalk hills, known as the North and 
South Downs, at three hundred milliom of years. The grounds for forming 
this estimate are of course of the vaguest description. It may be possible, 
perhaps, that the estimate is a hundred times too great, and that the real 
time elapsed did not exceed three miUion years, but, on the other hand, it is 
just as likely that the time which actually elapsed since the first commence- 
ment of the erosion till it was nearly as complete as it now is, was really 
a hundred times greater than his estimate, or thirty thousand millions of 
years.” 

7. Thus Jukes allowed estimates of anything from 3 millions 
to 30,000 millions as the time which actually passed during the 
denudation of the Weald. On the othor hand Professor Phillips 
m hifl Rede lecture to the Umversity of Cambridge (1860), 
decidedly prefers one inch per annum to Darwin’s one inch per 
century as the rate of erosion; and says that most observers 
would consider even the one inch per annum too small for all but 
the most mvmcible coasts ! He thus, on purely geological grounds, 
reduces Darwin’s estimate of the time to less than one-hundredth. 
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And, reckoning the actual thicknesses of all the known geological 
strata of the earth, he finds 96 million years as a possible estimate 
for the antiquity of the base of the stratified rocks , but he gives 
reasons for supposing that this may be an over-estimate, and he 
finds that from stratigraphical evidence alone, we may regard tho 
antiquity of life on the earth as possibly between 38 millions and 
96 millions of years Quite lately a voiy careful estimate of the 
antiquity of strata contammg remains of life on the earth has 
been given by Piofessor Solhis, of Oxfoul, calculated according 
to atratigiaphical principles which had been pomted out by 
Mr Alfred Wallace. Here it is* — ^'So far as I can at present 
sec, the lapse of tune since tho beginning of the Cambrian system 
is probably loss than 17,000,000 jmars, oven when computed on an 
assumption of unifoimity, which to me seems contiadicted by the 
most salient facts of geology. Whatever additional time the 
calculations made on physical data can affoid us, may go to the 
account of pre-Cambrian deposits, of which at present we know 
too little to serve for an independent estimate.'^ 

8. In one of the evening Conversaziones of tho British 
Association during its meeting at Dundee in 1867 I had a 
conversation on geological time with the late Sir Andiew Ramsay^ 
almost every word of which lemams stamped on my mind to this 
day We had been hearing a brilliant and suggestive lecture by 
Professor (now Sir Archibald) Qeikio on the geological history of 
the actions by which tho existing scenery of Scotland was pro- 
duced. I asked Ramsay how long a time he allowed for that 
history. He answered that he could suggest no limit to it. I said, 

You don’t suppose things have been going on always as they are 
now? You don’t suppose geological history has run through 
1,000,000,000 years ? ” Certainly I do.” 10,000,000,000 years ?” 

Yes,” Tho sun is a finite body. You can tell how many tons 
it la. Do you think it has been shining on for a million million 
years ? ” I am jus incapable of estimating and understanding 
the reasons which you physicists have for limiting geological time 
as you are incapable of understanding the geological reasons for 
our unlimited estimates” I answered, “You can understand 
physicists* reasoning perfectly if you give your mind to it/* 
I ventured also to say that physicists were not wholly incapable 

* “ TLe Age of the Earth , NaturCi April ^th, 1896, 
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of appreciating geological difficulties, and so the luattei elided, 
and we had a fiiendly agreonient to temporarily differ 

9 In fact, from about the beginning of the century till 
that time (1867), geologists had been nurtured in a philosophy 
originating with the Huttoniaii system much of it substantially 
very good philosophy, but some of it essentially unsound tind 
misleading witness this, from Playfair, the eloquent and able 
expoimdei of Hutton — 

“ How offcoii those vicissitudes of decay and renovation have boon vop(Mtod 
iH not for UB to dotomiino ; they constitute a senes of whujli as tlu' author of 
this theory has remarked, we neither wee the hogiuiunj>^^ nor the (md , a 
cncumHtcinco that aocoids well with what is known concerning other parts of 
the economy of the world In the continuatiQU of the ddfereut spoidos of 
animals and vegetables that inhabit the oiivth, wo discern neither a hoginning 
nor an end , in the planetary motions where gerinictry has carriod tlu^ lyo ho 
fai both into the futiu'o and the jiast wo discover no mark either ot tlie eniu- 
mencenient oi the termination of tlio present order.” 

10 Led by Hutton and Playfair, Lyull taught the doctriiu' <»i’ 
eteimty and uniformity in geology, and to explain plutunic a(*Unn 
and nndorgiound heat, invented a theimo-oloctnc “ jKTpetnal ’’ 
motion on which, in the yeai 1862, in my paper on tlie “Secuhir 
Cooling of the Earth*, “ published iii the TraimtoUouH of the Itotfal 
Society of Edinburgh^ I commented os follows : — 

‘‘To suppose, as Lyell, adopting the chemical hypothosiH, has doiiol, 
that the subBtances, combining together, may bo again sopanited (^lis'tro- 
lyticoUy by thermo-electric cmu’entH, due to the hcwit geuia'atiul by tladr 
combination, and thus tho chemical action and its heat contiuuoil in an 
endless cycle, violates tho principlas of natural philoHopliy m evu'tly the 
samo manner, and to tho same degree, u-s to believe that a cluck coUHtnictcd 
with a self-winding movemout may fulfil the expoctatiuiiH of its ingcniouH 
inventor by going for ever.” 

It was only by sheer force of reason that goologistH have horn 
compelled to think otherwise, and to see that there was a dofiniti^ 
beginning, and to look forward to a definite end, of this world ns 
an abode fitted for life, 

11. It is curious that English philosophers and writers should 
not have noticed how Newton treated the astronomical problem, 
Playfair, in what I have read to you, speaks of the planetary 

* Eeprinfed in Thomson and Tait, Treatise on Natural Philosophy^ let and 2nd 
Editions, Appendix D (g) 

t Principles of Geology ^ ohap. xxxi. ed. 1868 
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system as being absolutely eternal, and unchangeable* having . 
had no beginning and showing no signs of progress towards an 
end He assumes also that the sun is to go on shmmg for ever, and 
that the earth is to go on revolving round it for ever He quite 
oveilooked Laplace’s nebular theory, and he overlooked Newton’s 
countei blast to the planetary ‘‘perpetual motion.” Newton, com- 
menting on his own First Law of Motion, says, in his terse Latm, 
which I will endeavour to translate, “ But the greater bodies of 
planets and comets moving in spaces less resisting, keep their 
motions longer.” That is a stiong counterblast against any idea 
of eternity in the planetary system. 

12. I shall now, without fuii}her preface, explain, and I hope 
briefly, so as not to wear out your patience, some of the arguments 
that I brought forwaid between 1862 and 1869, to show strict 
limitations to the possible age of the earth as an abode fitted 
for life 

Kant* pointed out in the middle of last century, what had 
not previously been discovered by mathematicians or physical 
astronomers, that the frictional resistance against tidal currents 
on the earth’s surface must cause a diminution of the earth’s 
rotational speed. This really great discovery in Natuial Philosophy 
seems to haAm attracted very little attention, — indeed to have 
passed quite unnoticed, — among mathematicians, and astronomers, 
and naturalists, until about 1840, when the doctrine of energy 
began to be taken to heart. In 1866, Delaunay suggested that 
tidal retardation of the earth’s rotation was probably the cause of 
an outstanding acceleration of the moons mean motion reckoned 
according to the earth’s rotation as a timekeeper found by Adams 
in 1853 by correcting a calculation of Laplace which had seemed 
to prove the earth’s rotational speed to be umformf. Adoptmg 

* In an essay first published in the Kconigsberg N 
having been written with reference to the O’"" 

Boienoes m 1754. Here is the title-page, 

Collected Works, Leipzig, 1889;— Haters 
i XJmdrebung um die Aobse, woduroh si 
Nacht hervorbringt, einige Yertnderung 
erhtteu babe, welohes die Ursaohe day or 
hfinne ? welohe von der KOnighohen Ake 
Praise aufgegeben worden, 1754 

t Treatise on Natural Philosophy (T 
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Delaunay’s suggestion as true, Adams, in conjunction with Pro- 
fessor Tait and myself, estimated the diminution of the earth’s 
rotational speed to be such that the earth as a timekeeper, in the 
course of a century, would get 22 seconds behind a thoioughly 
perfect watch or clock rated to agiee with it at the beginning of 
the century According to this rate of retardation the earth, 
7,200 milhon years ago, would have been rotating twice as fast 
as now and the centiifugal force in the equatorial regions would 
have been four times as great as its present amount, which is 
of gravity At present the radius of the equatoiial sea-level 
exceeds the polar semi-diameter by 21^ kilometres, which is, as 
nearly as the most careful calculations in the theory of the earth’s 
figuie can tell us, just what the excess of equatoiial radius of the 
surface of the sea all round would be if the whole material of the 
earth were at present liquid and in equilibrium under the influence 
of gravity and centrifugal foice with the present rotational speed, 
and I of what it would be if the rotational speed weio twice as 
great. Hence, if the rotational speed had been twice as great as 
its present amount when consolidation from approximately the 
figure of fluid equilibrium took place, and if the solid earth, 
remoimng absolutely ngid, had been gradually slowed down in 
the course of millions of years to its present speed of rotation, the 
water would have settled mto two circuLir oceans round the two 
poles and the equator, dry all round, would be G4 5 kilometres 
above the level of the polai' sea bottoms. This is on the 
supposition of absolute rigidity of the earth after primitive con- 
sohdation. There would, in reality, have been some degree of 
yieldmg to the gravitational tendency to level the groat gentle 
slope up from eaoh pole to equator. But if tho earth, at the time 
of pnmitive consolidation, had been rotating twice as fast as at 
present, or even 20 per cent, faster than at present, traces of its 
present figure must have been left m a great preponderance of 
land, and probably no sea at all, m the equatorial regions. Taking 
into account all uncertainties, whether in respect to Adams’ esti- 
mate of the rate of frictional retardation of the earth’s rotatory 
speed, or to the conditions as to the rigidity of tho earth once 
consohdated, we may safely conclude that the earth was certainly 

laber editions, also Popular Lactures and Addresses^ Vol. n. (Kelvin), “Geological 
Ihme,” being a reprint oi an article commnnioated to the Glasgow Geological 
Society, February 27tli, 1868, 
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not solid 6,000 million yearn ago, and was probably not solid 1,000 
million years ago* 

13 A second argument for limitation of the earth’s age, 
which was really my own first argument, is founded on the 
consideration of undorgi’ound heat To explain a fiist rough 
and ready estimate of it I shall read one short statement It 
is from a very short paper that I communicated to the Royal 
Society of Edinburgh on the ]8th December, 1865, entitled, ‘‘The 
Doctrine of Uniformity in Geology briefly refuted,” 

“Tho ‘Doctrine of Uniformity’ in Geology, held by many of the most 
eminent of Bribish Geologists, assumes that the earth’s surface and upper 
crust have been neaily as they are at present in temperature, and other 
physical qualities, duung millions of millions of years, But the heat which 
loa Inow^ by ohm vation^ to he now conducted out of the caHh yearly is so great, 
that if this action had been going on with any approach to unifoimity for 
20,000 million years, the amount of boat lost out of the caith would have 
been about as much as would heat, by 100” 0 , a quantity of ordinary suiface 
rock of 100 times the earth’s bulk This would ho more than enough to molt 
a mass of surface rock equal m bulk to the whole earth No hypothesis as to 
chemical action, intonial fiuidity, effects of pressure at great depth, or possible 
character of substances in the interior of the earth, possessing the smallast 
vestige of probability, can j ustify the supposition that the eiiX'th’s upper crust 
has remained nearly as it is, while from the whole, or from any part, of the 
earth, so great a quantity of heat has been lost ” 

14. The sixteen words which I have emphasized in reading 
this statement to you (italics in the reprint) indicate the matter- 
of-fact foundation for the conclusion asserted. This conclusion 
suffices to sweep away the whole system of geological and biological 
speculation demanding an “ inconceivably ” great vista of past time, 
or even a few thousand million years, for the history of life on the 
earth, and apjiroximate uniformity of plutonic action throughout 
that time , which, as we have seen, was very generally prevalent 
thirty yeai's ago among British Geologists and Biologists , and 
which, I must say, some of our chiefs of the present day have not 
yet abandoned. Witness the Presidents of tho Geological and 
Zoological Sections of the British Association at its meetings of 
1893 (Nottingham), and of 1896 (Liverpool). 

* “ The fact that the ooutinents are arranged along meridians, rather than xn 
an equatorial belt, affords some degree of proof that the consolidation of the earth 
took place at a time when the diurnal rotation differed but little from its present 
value It 18 probable that the date of consolidation xs considerably more recent 
than a thousand miUion years ago ” — Thomson and Tait, Treatise on Natural 
Philosophy, 2nd ed , 188S, § 880 
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Mr Teall , Presidential Address to the Geological Section, 1803 “ The 

good old British ship ‘ Uniformity/ built by Hutton and refitted by Tjycll, 
has won so many glorious victoiies in the past, and appeal's still to bo in such 
excellent fighting trim, that I see no reason why she should haul down her 
colours either to ‘ Oatastrophe * * * § oi ‘ Evolution ’ Instead, therefore, of acceding 
to the lequest to ^ hurry up ^ we make a demand for more time ” 

Professor Poulton Presidential Address to the ZoologiCiil Sectimi, 1B9G. 
“Our argument does not deal with the time required foi the origin of life, or 
for the development of the lowest beings with which we are acquainted from 
the first formed beings, of which we know nothing. Both these piocessos 
may have required an immensity of time , but as we know nothing whatever 
about them and have as yet no proB];>eot of acquiring any information, wo are 
compelled to confine ourselves to os much of the process of evolution as wo 
can infer from the structure of living and fossil forms — that is, tis regards 
animals, to the development of the simplest into the most complex Protozoa, 
the evolution of the Metazoa from the Protozoa, and the branching of the 
former into its numerous Phyla, with all their Glasses, Orders, Families, 
Genera, and Species But we shall find that this is qmte enough to noccssitato 
a vei'y large increase in the time estimated hy the geologut ” 

15. In my own short paper from which I have read you a 
sentence, the rate at which heat is at the present time lost from 
the earth by conduction outwards through the upper crust, os 
proved by observations of underground temperature in different 
parts of the world, and by measurement of the thermal con- 
ductivity of surface rocks and strata, sufficed to utterly refute the 
Doctrine of Uniformity as taught by Hutton, Lyell, and their 
followers; which was the sole object of that paper 

16. In an earlier communication to the Koyal Society of 
Edinburgh*, I had considered the cooling of the earth duo to this 
loss of heat , and by tracing backwards the process of cooling had 
formed a definite estimate of the greatest and least number of 
million years which con possibly have passed since the surface of 
the earth was everywhere red hot. I expressed my conclusion in 
the following statement f 

“Wo are very ignorant oa to the effects of high temperatures in altering 
the conductivities and specific heats and melting temperatures of rooks, and 
as to them latent heat of fusion We must, therefore, allow very wide limits 
in such an estimate os I have attempted to make , but I think wo may with 

* ^‘On the Secular Cooling of the Earth,” Tmns. Roy, Soo. Edinburgh, 
Yol xiin. April 28th, 1862, reprinted m Thomson and Tait, Yoh iii. pp, 108 — 

485, and Math and Fhys Papers, Art, xoiy. pp. 295 — 811. 

t “ On the Seoular Coohng of the Earth,” Math and Phys. Papers, Yol. in. 

§ 11 of Art. xoiv. 
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much probability say that the conaohdation cannot have taken place leas 
than 20 million years ago, or we should now have more underground heat 
than we actually have , nor more than 400 million years ago, or we should 
now have less undcrgi’ound heat than we actually have That is to say, 

I conclude that Leilmitz’s epoch of emergence of the oonmtmti(yi [the 

consolidation of the earth from red hot or white hot molten matter] was 
probably between those dates” 

17 During the 35 years which have passed since I gave this 
wide-ranged estimate, experimental mvestigation has supplied 
much of the knowledge then wanting regarding the thermal 
properties of rocks to form a closer estimate of the time which 
has passed since the consolidation of the earth, and we have now- 
good reason for judging that it was more than 20 and less than 
40 million yeai's ago , and probably much nearer 20 than 40 

18. Twelve years ago, in a laboratory established by Mr 
Clarence King m connexion with the United States Geological 
Survey, a very impoitant senes of expenmental researches on the 
physical properties of rocks at high temperatures was commenced 
by Dr Carl Barns, tor the purpose of supplying trustworthy data 
foi geological theory. Mr Clarence Kmg, in an article published 
in the Amenoan Journal of Sdenoe^, used data thus supphed, to 
estimate the age of the earth more definitely than was possible 
for me to do in 1862, with the very meagre mformation then 
available as to the specific heats, thermal conductivities, and 
temperatures of fusion, of rocks. I had taken 7000° F. (3871° C) 
as a high estimate of the temperature of melting rock Even 
then I might have taken something between 1000° C. and 2000° C 
as more probable, but I was most anxious not to under-estimate 
the age of the earth, and so I founded my primary calculation on 
the 7000° P. for the temperature of melting rock We know now 
from the experiments of Carl Barus+ that diabase, a typical basalt 
of very primitive character, melts between 1100° C. and 1170° C, 
and ]s thoroughly liquid at 1200° C The correction from 3871° C. 
to 1200° C, or 1/3*22 of that value, for the temperature of solidifi- 
cation, would, with no other change of assumptions, reduce my 
estimate of 100 million to l/(3*22)^ of its amount, or a little less 
than 10 million years, but the effect of pressure on the tem- 
perature of solidification must also be taken into account, and 

* “ Oq the Age of the Barth,” Yol. xlv. January, 1898 

t PMi, Mag. 1898, first half-year, pp 186, 187, 301—305. 
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Mr Clarence King, after a careful scrutiny of all the data given 
him for this purpose by Dr Barus, concludes that without furthei 
data “ we have no warrant for extending the earth’s age beyond 
24 millions of years ” 

19 By an elaborate piece of mathematical book-keeping I 
have worked out the pioblem of the conduction of heat outwards 
from the earth, inth specific heat incieasmg up to tho melting- 
point as found by Rtickei and Roberts- Austen and by Barus, but 
with the conductivity assumed constant, and, by taking into 
account the augmentation of melting temperature with pressure 
in a somewhat more complete manner than that adopted by 
Mr Clarence King, I am not led to differ much from his estimate 
of 24 million years But, until we know something more than we 
know at present as to the probable diminution of thermal con- 
ductivity with incieasmg temperature, which would shorten the 
time since consolidation, it would be quite inadvisable to publish 
any closer estimate 

20. All these reckonings of the history of underground heat, 
the details of which I am sure you do not wish me to put before 
you at present, are founded on the very sure assumption that the 
material of our present solid earth all round its surface was at one 
time a white hot hquid The earth is at present losing heat from 
its surface all round fiom year to year and century to century. 
We may dismiss as utterly untenable any supposition such as that 
a few thousand or a few million years of the present reguiio m 
this respect was preceded by a few thousand or a few million yearn 
of heating from without History, guided by science, is bound to 
find, if possible, an antecedent condition preceding every known 
state of affairs, whether of dead matter or of living creatures. 
Unless the earth was created sohd and hot out of nothing, the 
regime of contmued loss of heat must have been preceded by 
molten matter all round the surface. 

21. I have given strong reasons* for beheving that immediately 
before sohdification at the surface, the interior was solid close up 
to the surface: except comparatively small portions of lava or 
melted rock among the solid masses of denser solid rock which 
had sunk through the hquid, and possibly a somewhat large space 

* “ On the Secular Cooling of the Earth,’’ VoL tix J^ath and Phys, Papers, 
§§ 19 — 33 . 
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around the centre occupied by platinum, gold, silver, lead, copper, 
iron, and other dense metals, still remaining liquid under very 
high pressure. 

22 I wish now to speak to you of depths below the gicat 
surface of liquid lava bounding the carfch before consolidation ; 
and of mountain heights and ocean depths formed probably a few 
years after a first emeigence of solid rock from Dhe liquid surface 
(see § 24, below), which must have been quickly followed by 
complete consolidation all round the globe But I must first .isk 
you to excuse my giving you all my depths, heights, and distances, 
m terms of the kilometic, being about six-tenths of that very in- 
convenient measure the English statute mile, which, with all the 
other monstrosities of oiii British metrical system, will, let us 
hope, not long survive the legislation of our present Parliamentary 
session destined to honour the sixty years’ Jubilee of Queen 
Victoria’s reign by legalising the French metrical system foi" the 
United Kingdom 

23 To prepare for considering consolidation at the surface 
let us go back to a time (piobably not more than twenty years 
eaiher as we shall presently sec — § 24) when the solid nucleus 
was covered with liquid lava to a depth of scveial kilometres, to 
fix our ideas let us say 40 kilometres (or 4 million centimetres). 
At this depth in lava, if of specific gravity 2 6, the hydrostatic 
piessuro is 10 tons weight (10 million grammes) per square centi- 
metre, or ten thousand atmospheres approximately. According 
to the laboratory experiments of Clarence King and Carl Barns ^ 
on Diab^ise, and the thermodynamic theoryf of my brother, the 
late Professor James Thomson, the melting temperature of diabase 
is 1170° C. at ordinary atmospheric pressure, and would be 1420° C. 
under the pressure of ten thousand atmospheres, if the rise of 
temperature with pressure followed the law of simple proportion 
up to so high a pressure. 

24 The tempoiTiture of our 40 kilometres deep lava ocean of 
melted diabase may therefore be taken as but little less than 
1420° C. irom surface to bottom. Its surface would radiate heat out 

* Phil Mag, 1893, first half-year, p 300. 

t Trans. Hoy. Soc, Edinburgh^ Jan, 2, 1849; Cambndgt and Dublin MatJie- 
maiical Journal^ Nov. 1850. Reprinted in Math, and Phys, Papers (Kelvin), YoL t, 
p 150. 
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into space at some such rate as two (gram me- water) thermal units 
Centigrade per square centimetre per second^ Thus, in a year 
(31^ million seconds) 63 million thermal units would be lost per 
square centimetre from the surface. This is, according to Cail 
Barus, very nearly equal to the latent heat of fusion abandoned 
by a million cubic centimetres of melted diabase m solidifying 
into the glassy condition (pitch-stone) which is assumed when the 
freezing takes place in the course of a few minutes. But, as found 
by Sir James Hall m his Edinburgh experiments f of 100 years 
ago, when more than a few minutes is taken for the freezmg, the 
solid formed is not a glass but a heterogeneous crystalline solid of 
rough fracture ; and if a few hours or days, or any longer time, is 
taken, the solid formed has the well known rough crystalline 
structure of basaltic rocks found in all parts of the world Now 
Carl Baius finds that basaltic diabase is 14 per cent denser than 
melted diabase, and 10 per cent denser than the glass produced 
by quick freezing of the hquid. He gives no data, nor do Rtcker 
and Roberts- Austen, who have also expeiimented on the thermo- 
dynamic properties of melted basalt, give any data, as to the 
latent heat evolved in the consolidation of liquid lava into rock of 
basaltic quality Guessing it as three times the latent heat of 
fusion of the diabase pitch-stone, I estimate a million cubic centi- 
metres of liquid frozen per square centimetre per three yearn. 
This would dimmish the depth of the liquid at the rate of a 
milhon centimetres per three years, or 40 kilometres in twelve 
years. 

26 Let us now consider in what manner this diminution of 
depth of the lava ocean must have proceeded, by the freezing of 
portions of it , all having been at temperatures very little below 
the assumed 1420° C melting temperature of the bottom, when the 
depth was 40 kilometres The loss of heat from the whito-hot 
surface (temperatures from 1420° C to perhaps 1380° 0. m different 
parts) at our assumed rate of two (gramme-water Centigrade) 
thermal units per sq. cm per sec produces very rapid cooling of the 
liquid within a few centimetres of the surface (thermal capacity 

* This ifl a veiy rough estimate which I have formed from consideration of 
J. T Bottomley’s accurate determinations m absolute measure of thermal radiation 
at temperatures up to 920° 0 from platinum wiie and from polished and blackened 
surfaces of various kinds m receivers of air-pumps exhausted down to one ten- 
miUionth of the atmospheric pressure Fhil, Tram Boy. Soc., 1887 and 1898, 

t Tiam Boy. Soo Edxnlxirglu 
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36 per gmmme, according to Barns) and in consequence gi'eat 
downward i ushes of this cooled liquid, and upwards of hot liquid, 
spreading out hoiizontally m all directions when it reaches the 
surfacc» When the sinking liquid gets within perhaps 20 or 10 
or 5 kilometres of the bottom, its temperature^ becomes the 
freezing-point Jis raised by the increased pressure, or, perhaps 
more coirectly stated, a temperature at which some of its in- 
gredients crystallize out of it Hence, beginning a few kilometres 
above the bottom, wo have a snow shower of solidified lava or of 
crystalline fiakos, or prisms, or granules of felspar, mica, horn- 
blende, quartz, and other ingredients * each little crystal gammg 
nuisa and falling somewhat fiister than the descendmg liquid 
around it, till it reaches the bottom. This process goes on until, 
by the heaping of granules and crystals on the bottom, our lava 
ocean becomes silted up to the surface 

Probable Origin of Ghramte, 

26. Upon the suppositions we have hitherto made we have, 
at the stage now rcach(3d, all lound the earth at the same time a 
red hot or white hot surface of solid granules or crystals with 
interstices filled by the mother liquor still liquid, but ready to 
freeze with the slightest cooling The thermal conductivity of 
this hetorogoiieous m«ias, oven before the freezing of the liquid 
part, is probably nearly the same as that of oidinary solid gmmte 
or basalt at a rod heat, which is almost certainly f somewhat less 
than tho thermal conductivity of igneous rocks at ordinary tem- 
peratures. If you wish to see for yourselves how quickly it would 
cool when wholly solidified take a large macadamising stone, and 
heat it red hot in an {)rdinary coal fire. Take it out with a pair 
of tongs and leave, it on the hearth, or on a stone slab at a distance 
from the fire, and yon will sec that m a minute or two, or perhaps 
in loss than a minute, it cools to below red heat, 

27. Half an hour| after solidification reached up to the 

* The temperature of the linking liciuid rook rises in virtue of the moreasing 
prosBure : but much less than does the freezing point of the liqmd or of some of its 
ingredients, (See Kelvin, Math, and Phys* Papers^ Vol. in. pp 69, 70.) 

t Pioc, R, 5f., May 60, 1896, 

$ Witness the rapid cooling of lava running red hot or white hot from a 
volcano, and after a few days or weeks presenting a black hard crust strong enough 
and cool enough to be walked over with impunity. 
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surface m any part of the earth, the mother liquor among the 
granules must have frozen to a depth of several centimetres below 
the surface and must have cemented togethei the granules and 
crystals, and so formed a crust of primeval granite, comparatively 
cool at its upper surface, and red hot to white hot, but still all 
solid, a little distance down, becoming thicker and thicker very 
rapidly at fimt, and after a few weeks certainly cold enough at 
its outer surface to be touched by the hand 


Prohahle Origin of Basaltic Rock* 

28 We have hitherto left, without much consideration, the 
mother hquor among the crystalline granules at all depths below 
the bottom of our shoalmg lava ocean It was probably this 
mteistitial mother liquoi that was destined to form the frxsaltic 
rock of fature geological time Whatever be tlie shapes and sizes 
of the solid granules when first fallmg to the bottom, they must 
have lain m loose heaps with a somewhat large pioportion of space 
occupied hy liquid among them But, at considerable distances 
down m the heap, the weight of the superincumbent granules 
must tend to crush corners and edges into fine powder If the 
snow shower had taken place in air we may feel pietty sure (oven 
with the slight knowledge which we have of the hardnesses of the 
crystals of felspar, mica and hornblende, and of tlie solid givanulos 
of quartz) that, at a depth of 10 kilometres, enough of matter 
from the corners and edges of the granules of diftercnt kinds, 
would have been crushed mto powder of various degrees of fine- 
ness, to leave an exceedingly small proportionate volume of air in 
the mterstices between the solid fragments But in reality the 
effective weight of each solid particle, buoyed as it was by hydro- 
static pressure of a liquid less dense than itself by not more than 
20 or 16 or 10 per cent , cannot have been more than from about 
one-fiffch to one-tenth of its weight in air, and therefore the same 
degree of crushing effect as would have been experienced at 
10 kilometres with air m the mterstices, must have been ex- 
perienced only at depths of from 50 to 100 kilometres below the 
bottom of the lava ocean. 

29 A result of this tremendous crushmg together of the 
solid granules must have been to press out the liquid from among 

* See Addendum at end of Lecture 
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them, as water from a sponge, and cause it to pass upwards 
through the less and less closely packed heaps of solid particles, 
and out into the lava ocean above the heap But, on account of 
the great lesistance against the liquid permeating upwards 30 or 
40 kilometres thiough interstices among the solid granules, this 
process must have gone on somewhat slowly , and, during all the 
time of the shoaling of the lava ocean, there may have been a 
consideiablc proportion of the whole volume occupied by the 
mother liquor among the solid granules, down to even as low as 
50 or 100 kilometres below the top of the heap, oi bottom of the 
ocean, at each instant. When consolidation reached the surface, 
the oozing upwards of the mother liquor must have been still 
going on to some dogiee Thus, probably for a few years after 
the first consolidation at the siuface, not probably for as long as 
one bundled years, the settlement of the solid structure by mere 
mechanical crushing of the corners and edges of sohd granules, 
may have continued to cause the oozing upwaids of mother hquor 
to the surface through cracks in the fij'st formed granite crust 
and thiough fiesh cracks in basaltic crust subsequently formed 
above it. 


Leibnitz's Gonsistentior Status. 

30. When this oozing eveiywhere through fine cracks in the 
surface ceases, we have reached Leibnitz’s consistenhor status, 
beginning with the surface cool and permanently solid and the 
temperature increasing to 1160° 0. at 26 or 60 or 100 metres 
below the surface. 

Probable Origin of Oontineyits and Ocean Depths 
of the Earth. 

31. If the shoaling of the lava ocean up to the surface hod 
taken place evorywhoro at the same time, the whole surface of 
the consistent solid would be the dead level of the liquid lava all 
round, just before its depth became zero. On this supposition 
there seems no possibility that our present-day contments could 
have risen to their present heights, and that the surface of the 
solid in its other parts could have sunk down to their present 
ocean depths, during the twenty or twenty-five million years 
which may have passed since the oonHstenUor status began or 
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during any time however long Kejectmg the extxeinely im- 
probable hypothesis that the continents were built up of meteoric 
mattei tossed from without, upon the already solidified earth, we 
have no other possible alternative than that they aie due to 
heterogeneousness m different parts of the hquid which constituted 
the earth before its solidification. The hydiostatic equilibrium of 
the rotatmg liquid involved only homogeneousness in respect to 
density over every level surface (that is to say, surface peip)en- 
dicular to the resultant of gravity and centrifugal force) it 
requiied no homogeneousness in respect to chemical composition. 
Considering the almost ceitain tiuth that the earth was built up 
of meteontes falling togethei', we may follow in imagination the 
whole process of shrinking fi^om gaseous nebula to liquid lava and 
metals, and solidification of liquid fi’om central regions outwards, 
without finding any thorough mixing up of different ingredients, 
coming together fiom different directions of space — any mixing 
up so thoiough as to produce even appioximately chemical homo- 
geneousness throughout every layer of equal density. Thus we 
have no difficulty in understanding how even the gaseous nebula, 
which at one time constituted the matter of our present earth, 
had in itself a heterogeneousness fiom which followed by dynamical 
necessity Europe, Asia, Africa, America, Australia, Cjreonlaiul, 
and the Antarctic Continent, and the Pacific, Atlantic, Indian, 
and Arctic Ocean depths, as wo know them at present 

32 We may leasonably believe that a very slight degree of 
chemical heterogeneousness could cause gioat difiereiicos in the 
heaviness of the snow shower of granules and crystals on difibront 
regions of the bottom of the lava ocean when still 60 or ]00 kilo- 
metres deep. Thus we can quite soe how it may have shoaled 
much more rapidly m some places than in others. It is also 
interesting to consider that the solid granules, falling on the 
bottom, may have been largely disturbed, blown tis it wore into 
ridges (like nppled sand in the bed of a fiowmg stream, or like 
dry sand blown into sand-hills by wind) by the eastward horizontal 
motion which liquid descending in equatorial regions must acquire, 
relatively to the bottom, in virtue of the earth’s rotation. It is 
indeed not improbable that this influence may have been largely 
effective in producing the general configuration of the great ridges 
of the Andes and Kocky Mountains and of the West Coasts of 
Europe and Africa. It seems, however, certain that the main 
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determining cause of the continents and ocean-depths was chemical 
differences, perhaps veiy slight differences, of the material in 
different parts of the great lava ocean before consolidation 

33 To fix our ideas lot us now suppose that over some great 
areas such as those which have since become Asia, Europe, Afiica, 
Australia, and Aineiica, the lava ocean had silted up to its surface, 
while in other parts there still were depths ranging down to 
40 kilometres at the deepest. In a very short time, say about 
twelve years according to our former estunato (§ 24) the whole 
lava ocean becomes silted up to its surface 

34 We have not time (uiough at present to think out all the 
complicated actions, hydrostatic and thermodynamic, which must 
accompany, and follow after, the cooling of the lava ocean sur- 
loimdiug our ideal primitive continent By a liurned view, 
however, of the affair we stH‘ that in virtue of, let us say, 15 per 
cent shrinkage by frei‘>!:iug, the levtjl of the liquid must, at its 
greatest supposi'd depth, sink six kilonud.res rcdatively to the 
continents • and thus Idu' lupiid must reci^do from them , and 
their bounding c‘OiiHt-liuos must become enlarged. And just as 
water runs out of a sandbank, flrylng when tlic sea recedes from 
it oil a falling tide, so nvuhds of the mother liquor must inn out 
from the i‘dg(‘s of t-ht^ contiiunits into the reseeding lava ocean. 
But, unlike sandbanks of incohiuvnl. sand purmi^ated by water 
remaining liquid, cmi uncovered banks of white-hot solid crystals, 
with interstices full f)f the mother liquor, will, within a few hours 
of being uneover(‘d, biHiome cruHt(‘d into hard rock by cooling at 
the surface, and lV(‘ezing of tlu^ liijuor, at a temperature somewhat 
lower than tlu' minting tompi‘nitur<‘s of any of the crystals pn‘- 
viously formed, The thickness of the wholly solid iftcil crust grows 
at first with extreme rapidity, so that in the course of three or 
four (lays it may come to be as much as a metre. At the end 
of a year it may be an much as 10 metrt's; with a surface, almost, 
or quite, cool enough for sonui kinds of vegetation, In the 
course of the first few weeks the regime of conduction of hoak 
outwards bccomos such that the thickness of tho wholly solid crust, 
as long as it remains undisturbed, inoroaaos as the square root of 
the time; so that in 100 years it becomes 10 times, in 25 million 
years 6000 times, as thick os it was at the end of one year ; thus, 
from one year to 26 million years after the time of surface freezing 
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the thickness of the wholly solid crust might grow fiom 10 metres 
to 60 kilometres These definite numbers are given merely as an 
illustration j but it is piobable they are not enormously far from 
the truth m respect to what has happened under some of the least 
disturbed parts of the eai'th’s surface 

35. We have now reached the condition desciibed above in 
§ 30, with only this difference, that mstead of the upper surface of 
bhe whole solidified crust being level we have m virtue of the 
assumptions of §§ 33, 34, inequalities of 6 kilometres from highest 
to lowest levels, or as much more than 6 kilometres as we please 
to assume it 

36 There must still be a small, but important, proportion of 
mother liquor m the mterstices between the closely packed un- 
cooled crystals below the wholly solidified crust This liquoi, 
differing m chemical constitution from the crystals, has its freezing- 
pomt somewhat lower, perhaps very largely lower, than the lowest 
of their melting-points But, when we consider the mode of 
formation (§ 25) of the crystals from the mother bquor, we must 
regard it as still always a solvent ready to dissolve, and to redeposit, 
portions of the crystalline matter, when slight variations of tem- 
perature or pressure tend to cause such actions Now as the 
specific gravity of the liquor is less, by something like 16 pei cent , 
than the specific gravity of the solid crystals, it must tend to find 
its way upwards, and will actually do so, however slowly, until 
stopped by the already solidified impermeable crust, or until itself 
becomes solid on account of loss of heat by conduction outwards 
If the upper crust were everywhere continuous and perfectly rigid 
the mother liquor must, inevitably, if sufficient time be given, find 
its way to the highest places of the lower boundary of the crust, 
and there form gigantic pockets of liquid lava tendmg to break 
the crust above it and burst up through it. 

37, But in reahty the upper crust cannot have been infinitely 
strong; and, judging alone from what we know of properties of 
miatter, we should expect gigantic cracks to occur from time to 
time in the upper crust tending to shnnk as it cools and prevented 
from lateral shrinkage by the non-shrmking uncooled solid below 
it When any such crack extends downwards as far as a pocket 
of mother bquor underlymg the wholly sohdified crust, we should 
have an outburst of trap rock or of volcanic lava just such as have 
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been disco veied by geologists m great abundance in many parts 
of the world We might even have comparatively small portions 
of high plateaus of the primitive solid earth raised still higher by 
outbursts of the mother liquor squeezed out from below them in 
virtue of the pressuie of large surrounding portions of the super- 
incumbent cuist In any such action, duo to purely gravitational 
energy, the centre of gravity of all the material concerned must 
sink, although poitions of the matter may be raised to greater 
heights , but wo must leave these largo questions of geological 
dynamics, having been only brought to think of them at all just 
now by our consideration of the earth, antecedent to life upon it. 

38 The temperature to which the earth’s surface cooked 
within a few years after the solidification reached it, must have 
been, as it is now, such that the temperature at which heat nuliated 
into space during the night exceeds that received from the sun 
during the day, by the small difference duo to heat conducted 
outwards from within^. One year after the freezing of the granitic 
inteistitial mother liquor at the earth’s surface in any locality, the 
average teinporatuie at the surface might be warmer, by (JO’ or 
80° Gent , than if the whole interior had tlio sanui average tem- 
perature as the Buiface. To fix our ideas, let us suppose, at the 
end of one year, the surface to* bo 80° warmer than it would be 

* Suppose, for example, the cooling and thickening of the upper omwt has 
proceeded no far, that at the surface and therefore approximately for a few deei- 
nietrea below the Hurfaco, the rate of augmentation of temperature downwards Ih 
one degree pel centimetre Taking as a rough average ‘005 o.u.a. os the thermal 
conductivity of the surface rook, we should have for the heat conducted outwards 
•005 of a gramme water thermal unit Centigrade per sq. cm. per sec. (Kelvin, Ma(h» 
and Phye Papers, Vol. iii, p, 22(1). Hence if {ibid, p, 228) we take aa the 
radiational emissivity of rook and atmosphere of gases and watery vapour above it 
radiating heat into the surrounding vacuous space (iBther), we find 8000 x ‘005, or 
40 degrees Cent, as the excess of the mean surface temperature above what it 
would be if no heat were conducted from within outwards. The proBont augmenta- 
tion of temperature downwards may be taken as 1 degree Cent, per 27 metres as 
a rough average derived from observations in all parts of the earth whoio under- 
ground tempoiaturo has been observed. (See PritUh Amoiation JteporU from 
1868 to 1805. The very valuable work of this Committee has been carried on for 
these twenty-seven years with great skill, perseverance, and sucoeBB, by Rrofcinior 
Everett, and he promisos a continuation of his reports from time to time,) This 
with the same data for conductivity and radiational emissivity as in the preceding 
calculation makes 40°/2700 or 0 014B” Cent, per centimetre as the amount by 
which the aveiage temperature of the earth's surface is at present kept up by 
undoi ground heat. 
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with no underground heat then at the end of 100 years it would 
be 8^ warmer, and at the end of 10,000 years it would be 8 of a 
degree warmer, and at the end of 26 million years it would be *016 
of a degree warmer, than if there were no underground heat 

39. When the surface of the earth was still white-hot liquid 
all round, at a temperature fallen to about 1200° Cent, there 
must have been hot gases and vapour of water above it m all 
parts, and possibly vapours of some of the more volatile of the 
present known terrestrial solids and liquids, such as zinc, mercury, 
sulphui, phosphorus The very rapid cooling which followed 
instantly on the solidification at the surface must have caused a 
rapid downpour of all the vapours other than watei, if any there 
were , and a little later, rain of water out of the au, as the tem- 
perature of the surface cooled from red heat to such moderate 
temperatures as 40° and 20° and 10° Cent., above the average due 
to sun-heat and radiation mto the ether around the earth What 
that pnmitive atmosphere was, and how much min of water fell on 
the earth m the course of the first century after consolidation, 
we cannot tell for certain, but Natural History and Natural 
Philosophy give us some foundation for endeavours to discover 
much towards answermg the great questions, — Whence came our 
present atmosphere of nitrogen, oxygen, and carbonic acid ? 
Whence came our present oceans and lakes of salt and fresh 
water ? How near an approximation to present conditions was 
realized in the first hundred centunes after consolidation of the 
surface ? 

40 We may consider it as quite certain that mtrogen gas, 
carbonic acid gas, and steam, escaped abundantly in bubbles from 
the mother hquor of granite, before the pnmitive consolidation of 
the surface, and from the mother liquor squeezed up from below 
in subsequent eruptions of basaltic rock , because all, or nearly all, 
specimens of gramte and basaltic rock, which have been tested by 
chemists in respect to this question^, have been found to contain, 
condensed m mmute cavities withm them, large quantities of 
nitrogen, carbomc acid, and water. It seems that m no specimen 
of granite or basalt tested has chemically free oxygen been dis- 
covered, while in many, chemically free hydrogen has been found ; 

* See, for example, Tilden, Proc J2. S , February 4th, 1897 “ On the Gases 

enclosed m Oryatalhne Books and Minerals ” 
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and eithor native iron or magnetic oxide of iron in those which do 
net contain hydrogen. From this it might seem probable that 
there wius no freo oxygen in the primitive atmosphere, and that if 
tluTC was free hydrogen, it was due to the decomposition of steam 
by iron or magnetic oxide of iron. Going back to still earher 
conditions we might judge that, probably, among the dissolved 
gases of the hot nebula which became the earth, the oxygen all 
fi'll into combination with hydrogen and other metallic vapours 
in the cooling of the nebula, and that although it is known to be 
the moat abundant material of all the chemical elements consti- 
tuting the earth, none of it was loft out of combination with other 
olonients to give free oxygen in our primitive atmosphere. 


41. It is, however, possible, although it might seem not 
pridiable, fliat theie was free oxygen in the primitive atmosphere 
With or without free oxygen, however, but with sunlight, we may 
ri'gai’d the earth as fittcci for vegetable hfe as now known m some 


Hiii'Cios, whorover water moistened the newly solidified rocky crust 
cooled down below the temperature of 80° or 70° of our present 
Gentigmde tliormomotric scale, a year or two after sohdification ol 
the piiinitivB lava had come up to the surface The thick tough 
velvety coating of living vegetable matter, covermg the rockj 
slopes under hob water flowing direct out of the earth at Banff 
(Gnnada)*, lives without help from any ingredients of the atmo- 
splu've above it, and takes from the water and from carbonic acid 
(ti“ carbonates, dissolved in it, the hydrogen and carbon needed for 


its own growth by the dynamical power of sunlight, thus leavmg 
free oxygen in the water to pass ultimately into the air Similar 
wg(itation is found abundantly on the terraces of the Mammoth 
hot springs and on the beds of the hot water streams flowmg from 
the Ueysora in the Yellowstone National Park of the Umted States. 
This vogotation, consisting of confervse, all grows under Avowing 
water at various temperatures, some said to be as high as 74° Cent 
Wo cannot doubt but that some such confervse, if sown or planted 
in a rivulet or pool of warm water m the early years of the first 
century of the solid earth’s history, and if favoured with sunhght, 
would have lived, and grown, and multiphed, and would have 
made a beginning of oxygen in the air, if there had been none of i 
before their contributions. Before the end of the century, if sun- 


* Eooky Mountains Park o£ Oanada, on the Canadian Pacific Railway 
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heat, and sunlight, and rainfall, ivere suitable, the whole earth not 
under water must have been fitted for all kinds of land plants 
which do not require much or any oxygen m the air, and which 
can find, or make, place and soil for then roots on the rocks on 
which they grow, and the lakes or oceans formed by that time 
must have been quite fitted for the life of many or all of the 
species of water plants living on the earth at the present time 
The moderate warming, both of land and water, by underground 
heat, towards the end of the century, would probably be favourable 
rather than adverse to vegetation, and there can be no doubt but 
that if abundance of seeds of all species of the present day had 
been scattered over the earth at that time, an important proportion 
of them would have lived and multiplied by natural selection of 
the places where they could best thrive. 

42. But if there was no free oxygen in the primitive atmo- 
sphere or primitive water, several thousands, possibly hundreds of 
thousands, of yeara must pass before oxygen enough for supporting 
animal life, as we now know it, was produced. Even if the average 
activity of vegetable growth on land and m water over the whole 
earth was, m those early times, as great in respect to evolution of 
oxygen as that of a Hessian forest, as estimated by Liebig^ 50 years 
ago, or of a cultivated English hayfield of the piesent day, a very 
improbable supposition, and if there weie no decay {eremaoausis, 
or gradual recombination with oxygen) of the plants or of portions 
such as leaves falling from plants, the rate of evolution of oxygen, 
reckoned as three times the weight of the wood or the dry hay 
produced, would be only about 6 tons per English acre per annum 
or tons per square metre per thousand years. At this rate it 
would take only 1633 years, and therefore in reality a much longer 
time would almost certainly be required, to produce the 2*3 tons 
of oxygen which we have at present resting on every square metre 
of the earth*s surface, land and seaf But probably quite a 
moderate number of hundred thousand years may have suifficed. 
It IS mterestmg at all events to remark that, at any time, the total 
amount of combustible material on the earth, in the form of living 

* Liebig, Ohemstnj %% its application to Agriculture and Physiology^ Englisb, 
2iid ed , edited by Playfair, 1843, 

t In our present atmosphere, in average oonditions of barometer and thermo- 
meter we have, resting on each square metre of the earth^a surface, ten tons total 
weight, of whioh 7 7 is mtrogen and 2 3 la oxygem 
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plmitiH or tiu'ir rcsuiatnH loft dead, must have been just so much 
t,hat to bui-n it all would take cither the whole oxygen of the 
a(.musplii>ro, or the oxooss of oxygen m the atmosphere at the time, 
above tliat, if any, which t.hore was in the begmning This we can 
safely say, becausi' w(‘ ahnoat certainly neglect nothing considerable 
in eomjiarison with what we asscit when we say that the free 
oxygen of tin' earth’s atinosphoro is augmented only by vegetation 
liberatiing it from carbonic acid and watei, m virtue of the power 
of sunlight, and is diuniiishod only by virtual burning* of the 
vegetable matter t.hus produced. But it seems improbable that 
tlie average of the whole earth — dry land and sea-bottom — con- 
tains at jiresent coal, or wood, or oil, or fuel of any kind originating 
in vegetation, to so great an amount as '*7 67 of a ton per square 
mel.ri' of surface; which is the amount at the rate of one ton of 
fuel t.o three tons of oxygen, that would be required to produce 
the 2 :l tons of oxygen per square metre of surface, which our 
present atmosphere contains. Hence it seems probable that the 
earth’s primitive atinosphcre must have contamed free oxygen 


4:1. W'liatever may have been the true history of our atmo- 
sphere it. semiis eortaiii that if sunlight was ready, the earth was 
ready, bot.h for vegetable and animal life, if not within a century, 
at all oveiita within a fuw hundred centuries after the rocky con- 
solidation of its surface But was the sun ready? The well 
foiuiilod dynamical theory of the sun’s heat carefully worked out 
and iliscUHsed by Helmholtz, Newcomb, and rayselff, says NO if 
the consolidation of the earth took place as long ago as 50 milhon 
yeain; the solid earth must in that case have waited 20 or 50 
million years for the sun to bo anything nearly as warm as he is 
at, pi'i'scnt. If the consolidation of the earth was finished 20 or 
25 million yoara ago, the sun was probably ready, — though probably 
nut thon quite so warm as at present, yet warm enough to support 
some kiml of vegetable and animal life on the earth. 


44. My task has been rigorously confined to what, humanly 
speaking, we may call the fortuitous concourse of atoms, in the 

• TliiB “ virtual burning ” inoludos ereinaoausls of decay of vegetable matter, if 
tbare la any ersmacausu of decay without the intervention of microbes or other 
animals. It also inoludes the oombination of a portion of the food with m al 
oxygen m the regular animal eoonomy of provision for heat and pow 
T see PopuL Lectuus and Addreue., Tol. i. pp. 376-^29. particularly 


p. »97. 
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preparation of the earth as an abode fitted for life, except in so far 
as I have referred to vegetation, as possibly having been concerned 
in the preparation of an atmosphere suitable for animal life as we 
now have it. Mathematics and d 3 mamics fail us when we con- 
template the earth, fitted for hfe but lifeless, and try to imagine 
the commencement of life upon it This certainly did not take 
place by any action of chemistry, or electricity, or crystalline 
groupmg of molecules under the mfluence of force, or by any 
possible kind of fortuitous concourse of atoms We must pause, 
face to face with the mystery and miracle of the creation of living 
creatures 


Addendum — May 1898. 

Since this lecture was delivered I have received from Pro- 
fessor Roberts-Austen the following results of experiments on 
the melting-points of rocks which he has kindly made at my 
request 



Melting-point 

Error 

Felspar 

1620° C 

±30° 

Hornblende 

. about 1400° 


Mica 

1440° 

+ 30° 

Quartz . . 

1775° 

+ 15° 

Basalt . . 

about 880° 



These results are in conformity with what I have said in 
§§ 26 — 28 on the probable origin of granite and basalt, as they 
show that basalt melts at a much lower temperature than felspar, 
hornblende, mica, or quartz, the crystalline ingredients of gi^anite. 
In the electrolytic process for producing aluminium, now practised 
by the British Aluminium Company at their Foyers works, alumina, 
of which the melting-pomt is certamly above 1700° 0 or 1800° 0., 
is dissolved in a bath of melted cryolite at a temperature of about 
800° 0 So we may imagine melted basalt to be a solvent for 
felspar, hornblende, mica, and quartz at temperatures much below 
their own separate meltmg-pomts , and we can understand how 
the basaltic rocks of the earth may have resulted from the solidi- 
fication of the mother liquor from which the crystalline ingredients 
of granite have been deposited 
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16T. Bi.UK Rav* of Suneise over Mont Blanc. 

[From Lftttw to Naturi’, Vol lx Aug 31, 1899 [letter dated 
Aug 27], p 411.] 

LooKINO ouli at 4 o’clock this morning from a balcony of this 
hot('l, ir)45 nu'troa above aea-lcvel, and about 68 kilometres W 
IH" S, from Mont Blanc, I had a magnificent view of Alpme 
rango.s of Hwitnorland, Savoy, and Dauphind; perfectly clear and 
sharp on the morning twilight sky This promised me an oppor- 
tunity for which 1 had boon waiting five or six years , to see the 
i-arhost instantannous light of sunnse through very clear an, and 
find wluithor it was perceptibly blue I therefore resolved to 
watcli an hour till sunrise, and was amply rewarded by all the 
sphuidours I saw. Having only vague knowledge of the orienta- 
tion of the liotid, I could not at first judge whereabouts the sun 
would rise , Imt in the course of half an hour rosy tints on each 
side' of the place of strongest twilight showed me that it would 
be visible from the balcony , and I was helped to this conclusion 
by Haidingcr’s brushes when the illumination of the air at greater 
altitudes by a brilliant half-moon nearly overhead, was overpowered 
by HUtdight fitroamiug upwards from beyond the mountains A 
little later, beams of sunlight and shadows of distant mountains 
c-onverged eh'iirly to a point deep under the very summit of Mont 
mane.. In the courso of fivo or ten minutes I was able to watch 
thi‘ point of couvorgouce travelling obliquely upwards till in an 
instant I .saw a blue light against the sky on the southern profile 
of Mont Blanc; which, in less than one-twentieth of a second 
becumo daz/dingly white, like a brilliant eleobnc arc-light I had 
no dark ghiss at hand, so I could not any longer watch the rismg 

mih 

Hnttil (hi Mont-Rovard, above Aix-les-Bams, 

August 27. 

• The “Rayoa Vert" of Jules Verne is the corresponding phenomenon at 
sunset; which I first saw about sa years ago. 


158. On the Clustbeinq of Gravitational Matter 
IN ANT PART OF THE UNIVERSE. 

[From Briixth Ansociation Report, 1901, pp. 

^ Oot. 24, 1901, pp. 626-629; FhU. Mag. VoL m. Jan 1902, pp 1 0 , 
Baltimore Leoturae, Appendix D, 1904, pp 632 64 J 
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169 On Homee Lane’s Problem of a Spherical 
Gaseous Nebula. 

[From Edinh Roy Roo Proc Vol xxvii, [read Jan 21, 1907, title only], 
p 376 , Nature^ Vol Lxxv Feb 1907, pp 368, 369 ] 

1 A HIGHLY interesting problem of pure mathematics was 
brought before the world in the American Journal of Science, 
July, 1870, by the late Mr Homer Lane, who, as we are told by 
Mr T. J J See*, was for many years connected with the US. 
Coast and Geodetic Survey at Washington. Lane’s problem is 
the convective equilibnum, of density, of pressure, and of 
temperatuie, in a rotationless spherical mass of gaseous fluid f, 
hot in its central parts, and left to itself in waveless quiescent 
ether 

2 For the full discussion of this problem we must, according 
to the evolutionary philosophy of the physics of dead matter, 
try to solve it for all past and future time. But we may first, 
after the manner of Fourier, consider the gaseous globe as being 
at any time given with any arbitrarily assumed distribution of 
temperature, subject only to the condition that it is uniform 
throughout every spherical surface concentric with the boundary. 
And our subject might be the absolutely determinate problem 
of finding the density and pressure at every point necessary for 

“Reseaaohea on the Physical Constitution of the Heavenly Bodies,*’ Astr, 
Nachr,, November, 1896 

t By a gaseous fluid I here mean what is commonly called a “perfect gas,” 
that IS, a gas which fulfils two laws —(1) Boyle’s law At constant temperature 
it exerts pressure exactly in proportion to its density, or in inverse proportion to 
the volume of a given homogeneous mass of it (2) A given mass of it, kept at 
constant pressure, has its volume exactly proportional to its temperature, accord- 
ing to the absolute thermodynamic definitaon of temperature (Preston’s Theory of 
Heat, Article 290) According to the “ Kinetio Theory of Gases,” every gas or 
vapour approximates more and more closely to the fulfilment of these two laws, the 
smaller is the proportion of the sum of times lu collision to the sum of times of 
movmg approximately in straight lines between ooUisions. 
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dynamical equilibrium. But for stability of this equilibrium 
Homer Lane assumed, rightly as I believe is now generally 
admitted, that it must be of the kind which eight years earlier* 
I called convective equilibrium, 

3. If the fluid globe were given with any arbitrary distribution 
of temperature, for example uniform temperature throughout, the 
cooling, and consequent augmentation of density of the fluid at 
its boundary, by radiation into space, would immediately give rise 
to an mstability according to which some parts of the outermost 
portions of the globe would sink, and upward currents would 
consequently be developed in other portions In any real fluid, 
whether gaseous or liquid, or liquid with an atmosphere of vapour 
around it, this kind of automatic stimng would tend to go on 
until a condition of approximate equilibrium is reached, in which 
any portion of the fluid descending or ascending would, by the 
thermodynamic action involved in change of pressure, always take 
the temperature corresponding to its level, that is to say, its 
distance from the centre of the globe. 

4. The condition thus reached, when heat is continually bemg 
radiated away from the spherical boundary, is not perfect equi- 
librium It IS only an approximation to equilibnum, m which 
the temperature and density are each approximately uniform at 
any one distance from the centre, and vary slowly with time, the 
vanable irregular convective currents being insufficient to cause 
any considerable deviation of the surfaces of equal density and 
temperature from sphencity. 

5 A very interestmg and important theorem was given by 
Prof. Perry, on p. 252 of Nature for July, 1899, according to 
which, for cosmical purposes, it is convement to divide gases into 
two species — species P, gases for which the ratio (k) of thermal 
capacity, pressure constant, to thermal capacity, volume constant, 
18 greater than IJ , species Q, gases for which k is less than 1^, 
On looking at the page of Nature referred to, it will be seen that 
Perry questioned or even denied the possibility of a gas of species 
Q, His theorem is; — A finite sphenoal globe of gaSi given in 
equilibrium with any arbitrary distribution of temper atu/re having 

* “ On the Convective Equilibrium of Temperature in the Atmosphere,’* 
Literary aTid Phtlo$ophical St>ciefy of SfatuikesUrj Jauuary 21, 1862 j re-pnblished 
as Appendix B, Math, and Pkyn Paper$i VoL pp* 365-^260. 
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isothermal surfaces spherical, has less heat if the gas is of species 
P, avd more heat if of speaies Q, than the thermal equivalent of the 
work which would he done by the mutual gravitational attraction 
between all its parts, m ideal shrinkage from an infinitely rare 
distribution of the whole mass to the given condition of density 

6 From this we see that if a globe of gas Q is given m a 
state of convective equilibrium, with the requisite heat given to 
it, no matter how, and left to itself in waveless quiescent ether, 
it would, through gradual loss of heat, immediately cease to be in 
equilibrium, and would begm to fall inwards towards its centre, 
until m the central regions it becomes so dense that it ceases 
to obey Boyle’s law , that is to say, ceases to be a gas Then, 
notwithstanding Perry’s theorem, it can come to approximate 
convective equihbrium as a coolmg hquid globe surrounded by 
an atmosphere of its own vapour 

7 But if, after bemg given as m § 6, heat be properly and 
sufficiently supplied to the globe of Q-gas at its boundary, and 
the interior be kept stirred by artificial stirrers, the whole 
gaseous mass can be brought into the condition of convective 
equilibrium 

8 In the course of the communication to the Royal Society 
of Edinburgh, curves were shown representmg the distributions 
of density and temperature in convective equilibrium for four 
different gases, corresponding to the foui values of k' 

Gas (1) = (approximately the value of k for the mon- 

atomic gases, mercury vapour according to Kundt and Warburg, 
argon, helium, neon, krj^pton, and xenon) 

Gas (2) k^l^ (approximately the value of k for seven known 
diatomic gases, hydrogen, nitrogen, oxygen, carbon monoxide, 
nitric oxide, hydrochlonc acid, hydrogen bromide), 

Gas (3) = (approximately the value of k for water vapour, 
chlorine, marsh gas, bromine iodide, chlorine iodide). 

Gas (4) k^l\ (approximately the value of k for sulphur 
dioxide). 

Four of these curves agree practically with curves given by 
Homer Lane for k^l^ and k — l^yin. his original paper to the 
American Journal of Science, July, 1870, 
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0. In a c‘t)nitnutiic^\tiu)n to the Edinburgh Royal Society of 
Ft'bniary, 18H7» ‘'On tho Equilibrium of a Gas under its own 
Gravitation only/’ I iiuhcatod a graphical treatment of Lane’s 
prohic'in by huc’Pohsivo rjuadratures, which facilitated the accurate 
caleulatitui of nntm‘ncal results, and was worked out fully for 
the eiiHo lj( by Mr Magnus Maclean, with results shown in a 
tabl(‘ on p. 117 of th<i Proceedings of the Royal Society of 
Edinburgh, Vob Xiv., and on p 292 of the Phil Mag, March, 
l^i87. Tht' nuinborH in that tabic expressing temperature and 
density an* nqu’estmted by two of the curves now laid before the 
Hucit^ty, Tlu* other ourvea represent numerical results calculated 
by Mr (Jeorge Gnum, according to a greatly improved process 
which ho hm found, giving the result by step by step calculation 
without the aid of graphical constructions. 

The mathematical interpretation of the solution for Perry’s 
critical case of A;« l^,and for gases of the Q-species,is exceedingly 
intor(‘sting, 

^fho communication included also fully worked out examples 
of the geneml solution of Ljine’s problem for gases of class P of 
different total quantities and of different specific densities 

10. In my communication to the Royal Society of Edinburgh, 
of February, 18H7. I pointed out that Homer Lane’s problem 
gives no approximation to the present condition of the sun, 
biHiauH(* of his great average density (1‘4) This was emphasised 
by Prt)f Perry in the aovonth paragraph, headed “Gaseous Stars, 
of his letter to Sir Norman Lockyer on “The Life of a Star 
(Nature, July 13, lKf)9), which contains the following sentence 

“It seems to mo that speculation on this basis of perfectly 
gaseous stuff’ ought to cease when the density of the gas at the 
centre of the star approaches OT or one-tenth of the density of 
ordinary water in the laboratory.” 
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160. On the Formation of Oonorete Matter from 
Atomic Origins, 


[From FK%1 Mag. Yol xv April, 1908, pp 397—413.] 


The follomng paper waa written by Lord Kelvin some months before his 
death, and the subject with which it is concerned waa occupying his attention 
down to the last few days of his life, in fact, till the commencement of his last 
lUneas Very shortly before his death he wrote out in detail a paper on 
Homer Lane’s Problem,” which he had communicated to the Royal Society 
of Edinburgh in January 1907, under the title “The Problem of a Spherical 
Gaseous Nebula”, and it is proposed to reprint this paper, along with an 
appendix, written at Lord Kelvm’s desire by his Private Secretary, Mr George 
Green, m the next number of the I^Mlosophical Magazine, 

The present paper has been carefuUy corrected by Mr Green and myself, 
hut it was left in a perfectly fimshed state, and little or no editing was 
necessary J, T BottomIjBT 

1. Coalition, due to gravitational attraction between 
matenalg given originally in small parts widely distributed 
through space, is probably the most ancient history of all the 
bodies in the universe. What the primitive forms or magnitudes 
of those pieces of matter may have been can never be made 
known to us by historical evidence If they had been all globes, 
or irregular broken solids, of diameters a few kilometres, or a few 
thousandths of a millimetre, and if among them all there existed 
all the atoms which at present exist, the present condition of the 
universe might be very much the same as it is. Towards a 
speculative answer we might be guided, and perhaps wrongly 
guided, by what we see of meteorites, stony or iron We can 
hardly regard it as probable that those broken looking lumps of 
solid matter, with their comers and edges rounded off by melting 
in their final rush through our atmosphere before arriving at 
the Earth's surface, were primitive forms m which matter either 
w'as created, or existed through all infinity of past time. On the 
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contrary, it may seem to us quite probable that the pnmitive 
condition of matter was atomic ; perhaps every pnmitive particle 
was a separate indivisible atom , or perhaps some of the pnmitive 
particles were atoms, and some of them doublets such as the 
O 2 , Na, H 2 , which we know as the molecular constituents of 
gaseous oxygen, gaseous nitrogen, gaseous hydrogen, according 
to modern chemical doctrine Or perhaps some of the primitive 
particles may have been given in groups consisting of a moderate 
number of atoms ready for building into crystals; or they may 
have been given as very small complete crystals each consisting 
of a very large number of atoms 

2. To illustrate the dynamics of the real conglomeration, 
which we behove to be an event of ancient history, consider an 
ideal case of 1083 million million million cubic metres of solid 
matter, the sum of their volumes being equal to the Earth's 
volume Let the density of the matenal of each cube be equal 
to the Earth's mean density, 5 67 The sum of their masses will 
he 6T4 thousand milhon million million metric tons, being equal 
to the Earth's mass. Place them at rest in cubic order, equally 
distributed through a vast spherical space, of radius one thousand 
times the Earth’s radius, and therefore of volume equal to a 
thousand milhon times the Earth's volume Let every one of- 
the cubes be oriented with its faces and edges parallel to the 
planes and lines of tho cubic order. In this order, the lines of 
shortest distance between the centres of constituents are perpen- 
dicular to the three pairs of parallel faces of the cubes The 
distance from centre to centre would be one metre, if the cubes 
were given in contact, occupying a sphere equal in bulk to the 
Earth. The distance between the centres of nearest neighbours 
18 therefore a kilometre, when they are given in their wide-spread 
initial arrangement. 

3. Leave now the cubes all free to foil inwards in virtue of 
mutual gravitation. Each one of those on the bounding surface 
of the whole group will commence falling towards the centre of 
the sphere, with acceleration one millionth of the acoeleration of 
a body falling freely near the Earth's surface: fhat is to say 
9*8 millionths of a metre per second per second The centreward 
acceleration of all the others will be in^sirtiple proportion to, their 
distances from the centre of the assemtl^g©- Thie is e^| ^een 



238 COSMIOAL AND GEOLOGICAL PHYSICS [160 

by remarking that, according to Newtonian principles, the resultant 
force on each cube is the same as if all the cubes at loss distances 
than its own from the centre were condensed in a point then^ 
and all the cubes at greater distances than its own were annulled. 
Hence as long as the cubes all fall freely inwards their distribution 
remains umform, and their boundary sphcriciil 

4 Hence the cubes, if all similarly oriented as in § 2, will, 
at one instant of time, all come into contact, each with all its six 
nearest neighbours, and for an instant they will be fitted together 
making a great globe of the same size as the Eiirbh, but with 
angular projections at the spherical boundary according to their 
cubic arrangement All the parts of this composite globe are, 
at the instant of first contact, moving inwards at speeds siinjily 
proportional to their distances from the centre. If the cubtm 
were perfectly elastic, they would rebound outwards with velocities 
equal to those they had at the instant of first contact; and a 
periodic falhng mwaids and rebounding outwards would follow ; 
which would continue for ever, if there were no other to resist 
this gigantic oscillatory movement. But what would be done by 
cubes of real matter, with its true molecular constitution and 
imperfect elasticity, m and after such a prodigious, purely pressuml, 

^collision, IS not a subject for profitable conjecture. 

5 Let now the cubes be placed initially at rest, with their 
centres arranged as in § 2, but with orientations given at random, 
and let them fall freely. Contacts between some neighbours will 
begin to occur when the shortest distances between centres arc 

equal to 3^, or 1 732, metres, being the length of the body diagonal 
of each cube At this instant the whole assemblage occupies 

3^, or 6*196, times the Earth's bulk: and the average density is 
somewhat greater than the density of water. 

6 The velocity of the outermost cubes at the instant of 
impact, in the case of the similar orientations of § 2, is 11,176 
metres per second If the cubes were reduced to infinitely small 
material points at their centres, and so could continue to fall 
freely to the centre of the sphere, they would all reach that point 
in 897 of a year from the time of our ideally assumed initial 
state of rest. As the material points fall towards the centre of 
the sphere, the mean density of the assemblage continuously 
increases^ The followmg table shows the number of minutes 
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during which the system must continue to fall to reach the centre, 
after it has attained the densities indicated • 


Time before reaching the 


centre ^ 

Mean Density 

47‘7 minutes 

01 

21-S „ 

0-5 

irn „ 

1*0 

63 

5-67 


If the beginning is an assemblage of cubes onented at random, 
as in § 5, and with their centres m cubic order, as m § 2, contacts 
would commence at a time about 8 minutes earlier than the 
time of coming to fit exactly on the supposition of umform 
orientation. 

7. In the case of cubes initially onented at random, collisions 
will not begin simultaneously as in § 4, but will begin \vith a 
crushing to powder at collidmg edges or corners The stupendous 
system of collisions which follows the commencement would, if 
the material of the cubes is of any known substance, metallic or 
rocky, cause, in the course of a few minutes, meltmg of the whole 
mass * unless the prodigious pressure in the central parts should 
have the effect of preventing fluidity in those parts, which does 
not seem probable 

8 The same general description is applicable to the ideal 
case of a vast number of large and small fragments of any shapes, 
instead of our equal cubic metres of homogeneous matter; provided 
only that the initial distribution through the great spherical space 
is of uniform average density all through. 

9 Lot us now, instead of masses large or small of concrete 
matter, begin with a vast number of atoms; or of atoms, and 
doublets such as 0#, Nb, Ha, given at rest distributed uniformly 
in respect to average density through a sphere of a thousand 
million times the Earth’s bulk; and having the sum of their 
masses equal to the Earth’s mass. Every particle (atom or doublet) 
will have the same centreward velocity at the same time, as that 
found for the ideal cubes in § 6; until some of the atoms or 
doublets get into touch with neighbours, that is, come so near 
one another that mutual molecular forces become effective. This 

* Calculated by meaue of a formula given on page, 688 oi 
Baltivwre LeaturM^ Appendix X)* 

I 
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must be the case when the mean density is considerably less than 
one-tenth of the density of water, as we see by considering the 
known properties of gases and vapours, and of liquids of small 
density Hence the time dunng which the atoms will continue 
to fall freely without jostling one another must be a few minutes 
less than the time of getting into touch at mean density some- 
what greater than that of water, on the supposition of cubes 
randomly oriented at rest, as defined in § 5. 

10 When the density becomes so great that the atoms begm 
to seriously jostle one another, we have the first step to the. 
formation of concrete matter from atomic origins Our present 
knowledge of the properties of matter does not suffice to allow 
us to follow, with defi.nite and complete understanding, the progress 
after this step We can see a prodigious cloud of atoms crowding 
turbulently around the centre Atoms commg from all directions 
meet and collide The energy of the relative motions of the atoms 
IS still, let us suppose, sufficient to prevent them from ever 
remammg m contact except during very short times when any 
two of them are m collision And let us suppose the central 
mean density to be still considerably less than T of the density 
of water. The whole assemblage now constitutes the gaseous 
fluid mass which forms the subject of Homer Lane^s celebrated 
problem*. As long as the whole mass remains thus in gaseous 
condition, loss of heat to the surrounding ether allows mutual 
giavitation to condense the whole assemblage, doing its work by 
increasing the kinetic energy of the relative motions. A result, 
as found by the mathematical solution of Homer Lane’s problem, 
is that all of the assemblage outside a certam distance from the 
centre sinks in temperature, while all within that distance rises 
in temperature I may here explain that the temperature of a 
"'perfect gas” means the kmetic energy per umt mass of all the 
relative translatory motions of its molecules in free paths from 
collision to collision 

11. During the whole time of the gaseous stage which we 

* J Homer Lane, American Journal o/ Sctence, Jnly, 1870; A Bitter, Wiede- 
mann’s Anmlenj 1878—1882 , Prof A Schuster, Brit Assoc Beport, 1888 , Sir 
William Thomson, Bhtl. Mag Vol xxiu. p 287, 1887, Prof J Perry, Nature, 
Yol LX 1899, T L J See, Astr Nachr No. 4068, Bd. 169, 1906; T. J. J. See, 
Astr Nachr No 4104, Bd. 171, 1906, Lord Kelvin, BoyaZ Society of Edinburgh, 
Jan 21, 1907, Lord Kelvin, Nature, Feb 14, 1907. 
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have been considering, the crowding becomes denser and denser 
in the central regions, until there every atom comes to be always 
in collision with all its nearest neighbours. Throughout all the 
space around the centre in which this condition has been reached 
the crowd constitutes a fluid of the species called liquid. In the 
outlying parts the crowd is much less dense, each atom, instead 
of being always m collision, is m collision only during comparatively 
short intervals of time ; and, for the rest of its time, is moving m 
approximately stmight lines, not perceptibly disturbed by other 
atoms far or near. The less dense crowd of atoms in those parts 
constitutes a fluid of the species called gas or vapour. Every 
collision between two atoms m those outlying parts, and in the 
central region every change of speed and of direction of atomic 
motions, due to mutual forces between neighbouring atoms, sets 
ether locally in motion. The motion thus produced m ether gives 
rise to etherial waves which travel outwards through the outlying 
parts of the assemblage , and continue their outward course into 
void ether all around the assemblage. These etherial waves carry 
away gradually into infinite space the kinetic energy of the atoms, 
originally given to them by gravitation between all parts of the 
contracting assemblage, A first effect of this loss of energy would 
be to continue the raising of temperature in the central region, 
which in § 10 was said to take place during the whole of the 
gaseous stage of the evolution. As time advances, the dense gas 
or liquid in the central parts comes to a maximum of temperature. 
After this there is a general diminution of temperature, by the 
conduction and radiation of heat outwards ; the whole mass goes 
on cooling, and is automatically kept largely stirred by megular 
convection- currents, of cooled liquid flowdng downwards from the 
surface, and of hotter and less dense liquid rising from below, 

12. If, as would be the case were the liquid melted iron, or 
water, the solidified material is less dense than the liquid at the 
same temperature and pressure, a continuous crust would form 
all over the surface of the globe; which would grow thicker and 
thicker inwards, by freezing of the interior liquid m contact with 
it, in virtue of conduction of heat outwards through the crust. 
This solid crust, completely enclosing a liquid, would be burst by 
the liquid expanding as it freezes (just as a closed water-pipe is 
burst by water freezing inside it). If the spherical shell bursts 
into many fragments these would all float. The freezing of the 

K. V. 
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liquid exposed m the openings thus produced in the crust would 
quickly fill up the gaps, and thus the process of freezing all 
around would spread inwards to the centre. Such may possibly 
be the history of the earliest solidification of part of the Earth’s 
mass, forming a metallic central nucleus by coalition of primeval 
atoms of iron, nickel, gold, platinum, or other dense metals 

13 But the Earth, while not improbably metallic m its 
central parts, is probably m the mam of ‘"eaithy” or rocky 
materials. It seems highly probable that, unlike the materials 
mentioned m § 12 which expand in freezing, all the ‘‘earthy” 
materials of the Earth contract m freezing Bischoff^, in experi- 
ments made about eighty years ago, found that melted granite, 
slate, and trachyte, all contract by more than ten per cent, m 
freezmg , and sixteen years ago, Carl Barusf found that diabase 
(a partially crystallme basaltic rock) is fourteen per cent, denser 
than melted diabase. He found the melting temperature of 
diabase to be about 1170'’ 0., and the late Professor Koberts- 
Austen, by experiments which he kindly made at my request, 
found the melting temperatures of several different rocks under 
ordmary atmosphenc pressure | to be as follows 

Melting-point Eiror 

Felspar 1520^ C. ± 30° 


Hornblende about 1400° „ 

Mica 1440° „ ± 30° 

Quartz 1775° „ ± 16° 

Basalt about 880° „ 


14. Go back now to the end of § 11, and consider the Earth 
after the gaseous stage of its evolution has ended in liquefaction 
at the centre. The temperature will smk throughout, m virtue 
of the automatic stirrmg, and of outward thermal conduction , 
and the amount of material in the thoroughly liquid condition will 
increase until the whole globe becomes liquid, except a vaporous 
or gaseous atmosphere of comparatively small total mass, resting 
on the liquid all around its spherical surface. The density of 
this hquid increases from surface to centre, in its earlier stages 

* JBuUetm de la Soc* Q^ol , 2ud series, Yol iv. p. 1812. 

t mi. Mag, 1893, first half-year, pp 173 — 178 

t Bee Addendum to ** The Age of the Earth as an Abode fitted for Life,^’ PhiU 
Mag, 1899, first half-year, p. 89, 



1908] FOBMATION OF MATTER FROM ATOMIC ORIGINS 243 

probably only because of the greater pressure, but ultimately 
also m^consequence of subsidence of the denser chemical ingredients, 
after the convective currents have become too slack for thorough 
mixing up of all the materials. 

15. Crystalline freezing may begin at the surface, because 
of the rapid loss of heat by radiation outwards, but each solid 
crystal smks because its density is greater than that of the fluid 
in contact with it. In sinking, it is melted and redissolved by 
the hotter fluid below. This process goes on until the temperature 
at every part of tho liquid is reduced to that at which some of 
the ingredients such as quartz, felspar, hornblende, mica, crystalbze 
out of the liquid, under the hydrostatic pressure at the depth 
of the portion considered. This formation of crystals leaves a 
mother liquor consisting of ingredients which freeze at a lower 
temperature. At this stage the portions frozen at the surface do 
not melt in sinking through the liquid, and they fall down to the 
centre, or to the central nucleus if there is one. Thus the mam 
rigidification commences in the central region, by conglomeration 
into a gramte of crystals descending through a vast surroundmg 
lava ocean. The solid granite thus formed extends outwards till 
it comes to the surface. 

16. The views regarding the solidification of the Earth, 
described in § 16, were first pubhshed in the Proceedings of the 
Victoria Institute, for 1897, in an article on ^^The Age of the 
Earth as an Abode fitted for Life,'' republished in the Phil Mag,, 
Jan., 1899. From this article the following passage is quoted: — 
*'If the shoaling of the lava ocean up to the surface had taken 
place everywhere at the same time, the whole surface of the 
consistent solid would be the dead level of the liquid lava all 

" round, just before its depth became zero. On this supposition 
there seems no possibility that our present-day continents could 
have risen to their present heights, and that the surface of the 
solid in its other parts could have sunk down to their present 
ocean depths" 

17. Our question is:— How can we explain why the Earth 
is not at present a mass of solid granite of approximately spherical 
surface, deviating from sphericity just so much that# if it were 
covered with water, the water would b^ at the same denth in 
every part, when in equilibrium under the combined inflm 

16 
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gravitation and centrifugal force due to its diurnal rotation ? A 
possible^ but it seems to me an almost infinitely improbable, 
explanation is that ocean depths are scars due to collisions with 
outside bodies, and mountain heights are due to matter left on 
the Earth by such colhsions. When we look at the scarred suiface 
of the Moon, we cannot but feel that it would be pushing possi- 
bihties beyond the verge of absurdity to attribute the geogiaphical 
features of the Earth, and the corresponding features of the Moon, 
all to blows received by them, or matter shot down on them, from 
without. 

18. After sohdification, as described in § 16, contraction by 
loss of heat would almost certainly produce abundance of vertical 
cracks, proceeding mwards fi:om all parts of the spherical surface 
(on the same dynamical pnnciple as that which explains the well- 
known “crackling” seen on the glaze of many kinds of pottery)* 
But there seems no possibihty that the wide-spread hollows of the 
Antarctic, Pacific, Atlantic, and Indian Oceans, and the great 
areas of elevation in the contments, Europe and Asia, Africa, 
America, and Australia, and the seven to ten kilometre heights 
m the Andes and Himalayas, can have followed, by any natural 
causes, merely from the condition described in § 15. I have come 
to this conclusion after careful consideration of the dynamics of 
coobng and shrinkage, and possible cavitations, through two 
hundred kilometres below the surface all round the globe It 
seems mdeed quite certam that when the Earth came to be 
almost wholly solid, it must have had m itself some great hetero- 
geneousness of constitution or figure, from which its present 
geographical condition had its origin. This heterogeneousness 
must have had %ts origin m some heterogeneousness of the pri- 
mordial distributions of atoms and we must abandon the uniform 
distribution which we chose in § 9 merely as an illustration. But 
we have much more than geography to account for We have to 
account for: — (1) the diurnal rotation of the Earth; (2) the 
Earth's motion through space, at about thirty kilometres per 
second, relatively to the Sun , (3) the Sun's motion through space 
towards a point in the constellation Hercules, first indicated by 
Sir William Herschel, and more recently estimated at about 
nineteen kilometres per second, relatively to the average of 
sufiSciently well observed stars. These three deviations from the 
spherical and irrotational conditions of ^ 2—16 are, it seems to 
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me, essentially connected with the erplanation of merely geo- 
graphical heterogeneousness demanded in ^ 16, 17. 

19. Any system of bodies large or small, or of atoms, given 
at rest, and left subject only to mutual gravitational and collisional 
forces, fulfils throughout all time two laws : — 

Law (1). The centre of inertia of the whole system remains 
at rest. 

Law (2) The sum of moments of momentum* of the motions 
of all the parts, relatively to any axis through the centre of inertia, 
is zero. 

The corresponding laws for a system set in motion in any 
manner, and left to move under the action of mutual forces only, 
are as follows ' — 

Law (1^). The centre of inertia of the whole system moves 
uniformly in a straight line. 

Law (2'). The sum of moments of momentum of the motions 
of all the parts, lelatively to any axis through the centre of inertia, 
parallel to any fixed hne in space, is constant. 

Law (8). There is a certain definite line, fixed in direction, 
through the centre of inertia of the system, such that the sum of 
moments of momentum round it is greater than that round any 
other axis through the centre of inertia, and the moment of 
momentum round every axis perpendicular to it, through the 
centre of inertia, is zero. 

That maximum moment of momentum is called the resultant 
moment of momentum of the system. Its axis may be called the 
rotational axis of the system. 

* (1) The momentum (ft name first given in the seventeenth century when 
mathematicians wrote m Latin, and retained in the nineteenth and twentieth 
centuries) of a moving particle is the product of its mass into its velocity, 

(2) The moment (a nineteenth century name) of momentum of a particle 
round any axis is the product of its momentum into the shortest distance of its 
line of motion from that axis, into the sino of Uie inoHnation of It^ line of motion 
to that axis. , 

(8) The moment of momentum round any axis of any number of moving 
parUcles is the name given to the sum of their momenta of momentum round that 
axis. 

It makes no difference to this definition if any set^ or seta of the particles are 
rigidly conn e<^ed to make a rigid body orrifid 
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20, Consider a vast assemblage of atoms, or of small bodies, 
given at rest at any time, distributed m any manner, uniformly 
or non-uniformly, through any fimte volume of space According 
to § 19, Jjaw (1), the centre of inertia of the whole assemblage" 
would remain at rest, and the total moment of momentum round 
every axis through it would remam zero, whatever motions the 
atoms receive in virtue of mutual gravitational attractions, and 
mutual repulsions in collision 

21, Consider now separately some part of the whole assem- 
blage, which to avoid circumlocution I shall call part S, including 
all the primitive atoms or particles which at present form the 
Solar System, but not including any other great quantity of 
matter Part S has, at each instant, a definite resultant moment 
of momentum round a defimte axis through its centre of inertia , 
and its centre of mertia is, at each instant, moving with a definite 
velocity in a definite direction In a vast assemblage such as we 
were considermg in § 20, which may be the whole matter of the 
umverse (finite* m quantity as it may with all probability be 
supposed to be), let there be denser parts and less dense parts, 
In the denser parts, there will he gravitational coalition ; in the 
less dense parts, there will consequently be rarefaction. The 
present existence of the Sun is undoubtedly due to gravitational 
coahtion m some of the denser parts. The velocity of the centre 
of inertia of the Solar System is due to the gravitational attractions 
of matter outside 8, so also is the moment of momentum of the 
Solar System round any axis through its centre of inertia. The 
rarefaction of the distnbution of particles, large or small, around 
8, leaves the matter belonging to 8 more and more nearly free 
from force acting on it from without; and it becomes more and 
more nearly subject to Laws (1^) and (2') of § 19. 

22, The approximately constant momentum of the Solar 
System in its motion through space is chiefly the momentum 
of the Sun's motion, because his mass is much greater than the 
sum of the masses of Jupiter and all the other planets and 
satellites. On the other hmid, the resultant moment of momentum 
of the motions of all parts of the Solar System, relatively to the 
fix ed line of greatest moment of momentum through the inertial 
centre of all, is chiefly due to the orbital motion of Jupiter and 
Saturn, and but in small part (about ^ of the whole) due to the 

* Bee Lord Kelvin'^ Baltimore Zectvres, Lect. XVI § 15. 
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Sun's axial rotation 3 as we see by the following table of moments 
of momentum, given by Mr See* in his paper of 1906, ''Researches 
on the physical constitution of the heavenly bodies ” 

M, of m of orbital motion, 
that of Sun’s axial rotation 
being unity 


Sun 

1 0000000 

Mercury 

0-00069654 

Venus 

0-036444 

Earth 

0-0617386 

Mars 

0-00676526 

Jupiter 

36 98288 

Saturn 

14-98374 

Uranus 

3-26969 

Neptune 

4-83260 


We have not now the simple and direct gravitational coalition, 
by motions towards the centre of a spherical assemblage, which 
we had in §§ 1 — 16, and which gave us Homer Lane's beautiful 
problem of a sphencal gaseous nebula. Our vaat assemblage S 
has moment of momentum ; and its main condensation has led to 
the formation of our rotatmg Sun, Local condensations of smaller 
portions of S, each having some share of the moment of momentum 
of the whole, have produced the planets, all revolving round the 
Sun, and rotating round their axes, in the same general direction; 
anti-clockwise, when viewed from the northern side of the general 
plane of their orbits 

23. In Kant’s and Laplace’s Nebular Theory the local con- 
densations, from which have been evolved the planets moving in 
their orbits round the Sun, and the satellites moving in their 
orbits round the planets, were, according to the suggestion 
presented to us by Saturn’s rings, supposed to begin as rings of 
detached particles, which later became gravitationally drawn 
together into spheroidal groups, and formed ultimately liquid or 
solid approximately spherical bodies. This may probably be the 
true history of many of the planets and satellites ; but Sir George 
Darwin t has given the veiy important suggestion that the 
* Astr. Nachr. Bd. 169, Nov. 1905. 

t Phil* Trans, 1879> p 447, On of a Visoone Idquid and on 

the remote tho Barth Phil Tratm ^‘On the Secular 

caianpes % iho of the Orbit of a Satellite revolving about a tidally 

|p»<pj^j5idential Address. 

, . ' . I . ’ 
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separation from a planet of material to become a satellite may in 
some cases have been a single portion of the mass, breaking away 
from what was earlier a rotating mass of liquid, in the shape of 
a figure of revolution, contracting by loss of heat, and therefore 
rotatmg with greater and greater angular velocity as it became 
denser. 

24. Suppose for example the mass which is now Barth and 
Moon to have been at one time a single oblate spheroid of 
revolution. Its figure would then have been exactly elliiitic, if 
its rotational angular velocity, and its density, were each equal 
from surface to centre. If it was denser in the central regions, 
its figure would have been an oblate figure of revolution, but not 
in general exactly elliptic in its meridional sections While the 
spheroid sknnks m coolmg it becomes more and more oblate, till, 
all round the equator, gravity is exactly balanced by centrifugal 
force 5 or till the spheroid becomes lopsided, as suggested in § 25 
below Farther continued shnnkage cannot give a stable oblate 
figure of revolution. It might cause an equatorial belt to be 
detached from the main body; or the result might be ivs suggested 
in ^ 26, 26, below. 

25. Pomcar^’s '^pear-shaped'’ fi.gure of equilibrium of a 
rotating liquid suggests the idea that the first instability pro- 
duced by cooling and shrinkage, with constant moment of 
momentum, may possibly give rise to a stable figure with a 
protrusion on one side of the centre of what was the equatorial 
circle, and a flattemng of the surface on the other side of the 
centre of inertia This idea is to some degree supported by the 
elaborate and powerful mathematical investigations of Poincard* 
and Darwmf on “pear-shaped” figures of liquids rotating in 
stable eqmlibrium, under the influence of gravity and centrifugal 
force 

26. Continued coolmg and shrinkage would produce more 
and more protrusion on one side of the centre of inertia, until the 
protrusion becomes unstable, and a comparatively small portion 

♦ H. Pomcar4, “Sur la Stal)ilit6 de UBquilabre des Figures Pyriformes,’^ 

SVatJiJ. 19CK2. 

- t Sir George “Ob ihe Pear*8^ia|)qd form of Equilibrium of a rotating 

Liquid, ^ PM Tran$, 1902 M Ou Sta>iHty of the Pear-shaped figure 

Vf 'a'Totatfrig fSMs of Fhl* Trotis. 1908 ; “ On the Figure 
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of the whole liquid breaks away from the main mass, at the thin 
end of the ‘'pear ” 

That sepai*ation must have been a sudden and violent cata- 
strophe, however gradual may have been the changes of figure 
and distribution of matter which led to it. If at the time when 
it took place, the whole material was perfectly liquid, the act of 
separation would leave no permanent marks on either of the two 
bodies. After some moderate time of subsidence from the violent 
oscillations suddenly produced by the catastrophe, the Earth and 
Moon would have subsided into the comparatively tranquil con- 
ditions of rotating hquid spheroids, revolving round the centre of 
inertia of the two, disturbed from hydrostatic equilibrium only 
by the interior convective currents due to cooling at the surfaces , 
and with no prospect of ever freezing into the largely unsym- 
metrical shapes which we now see on the visible half of the Moon s 
surface, and over the whole surface of the Earth. 

27. To account for the evolution of present configurations 
and conditions, it seems to me that we must suppose the material 
of Moon and Earth, at the time of the separational catastrophe, 
to have reached some such condition as that described in § 15 • — 
a conglomeration of crystals with still liquid lava filling all the 
interstices between them. Such a conglomeration would have 
plasticity enough to pass through the changes of figure which, 
according to Darwin’s theory, the material of Moon and Earth 
must have experienced before the separational catastrophe : and 
yet may have possessed sufficient subpermanent or permanent 
resistance agixinst change of shape to allow them to keep permanent 
traces of the wounds left on the two bodies by the convulsive 
separation. 

28, The scar, and subsequent surgings, left on the semi- 
plastic Earth by the tearing away of the Moon from it might 
account for persisting deviation from rotational symmetry, and 
from equilibrium of gravity and centrifugal force, as great as that 
which is presented by the elevations of Africa, Asia, Europe, 
America, and the depths of the Atlantic, Pacific, and Indian 
Oceans If, at the 'time when the Moon left the Earth, the 
material waa all in the semi-solid semi^plastic condition of granite 
eohglomerate, a mother hqimf of melted basalt In the inter- 
lines ‘amofrg thc^ Kjrystals, tIdiS ttnset^ Portland cement. 
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constituting the two bodies, might well in the course of fifty or 
one hundred million years become as nearly solid as we know both 
the Earth and Moon to be at present. It must however be quite 
understood that the present features of the Earth, with mountains 
and ravines, and ocean depths, have been produced by long 
continued geological actions of upheavals and erosion. 

29 Immediately after the separation, the Moon, about ^ of 
the Earth’s mass, would begin moving from the perigee of a 
somewhat approximately elliptic orbit round the centre of inertia 
of Earth and Moon, much disturbed on account of the gi'eat and 
violently changing deviations fi:om sphericity of the two masses 
The period of this orbital motion of the two bodies round their 
centre of inertia would be longer than the rotational period of the 
Earth, which would be but little changed by the catastrophe. In 
becoming rounded into a spheroidal form, the Moon would come 
to rotate round its own axis in a somewhat shorter period than 
that of the whole mass before the separation. Thus, in the 
beginning of the new regime, we have three different periods, 
the shortest being the rotational period of the Moon round an 
axis through her centre of ineitia, somewhat longer than this 
the rotational period of the Earth , and considerably longer than 
it, the orbital period of the two bodies round them centre of 
inertia. 


30 The changes of shape of the two semi-plastic spheroids 
in their subsequent motions under the mfluence of mutual gravi- 
tation between all their parts, would give rise to a loss of energy : 
while the total moment of momentum would remain unchanged. 
The mam action would be loss of kinetic energy of the Earth and 
Moon, by transformation into beat of quasi-tidal work within the 
two bodies. Essentially concomitant features would be augmen- 
tation of the distance between them, involving work done against 
mutual gravity, and gradual transformation of the moment of 
momentum of their rotations into augmentation of the moment 
of momentum of their orbital motions round the centre of inertia 
of the two. The energy of the initial rotation of the Moon would 
be small compared with that of the Earth, The whole kinetic 
energy of the rotations, and the motions of centres of inertia, of 
the two bodies, at the present time exceeds by a relatively small 
quantity the present kinetic energy of the Barth’s rotation. The 
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work done in separating the Moon to its present distance from 
the Earth, and in giving it the kinetic energy of its orbital motion, 
has been wholly drawn from the Earth’s rotational kinetic energy 
at the time of the disruption, with the exception of a small 
contribution derived from the Moon’s initial kinetic energy of 
rotation, A comparatively early result of the motions of the two 
bodies must have been to bring the Moon to keep always the same 
face to the Earth as she does at the present time. 

31. Sir George Darwin, with comprehensively penetrating 
dynamical insight, has traced the couise of events following the 
stage reached in § 29. He has given a reasonable account of the 
evolution of the present eccentricity of the Moon’s orbit , and he 
has made the remarkable and important discovery that the axis 
of the Earth’s rotation could not remain as it is at the stage of 
§ 29, perpendicular to the plane of the orbital motion of Earth 
and Moon. We might readily enough work out the general 
character of the motions and transformations that would follow 
the stage of § 29, if the Earth’s and Moon’s rotational axes did in 
reahty remtun perpendicular to the plane of their orbital motions. 
But Darwin finds that this possible and easily understood association 
of motions would be unstable ; and that the slightest deviation 
from exact perpendicularity of the Earth’s axis to the orbital plane 
would become, not diminished but, augmented by the Earth’s 
viscous resistance against change of shape. With this hint it is 
almost as easy for us to see, by dynamical reasoning, that the 
Earth’s axis must, through millions of years, have become more 
and more oblique to the orbital plane, as it is, for us, with 
Archibald Smith’s hint^, to see that a “ teetotum ” or a boy’s 
spinning-top, having a well rounded bearing point, and set to 
spin at a sufficiently high speed round an axis obhque to the 
vertical, and dropped on a bard horizontal plane, will in a short 
time, perhaps less than a minute, be found sp innin g round a fixed 
exactly vertical axis sleeping”), and will go on so for ever, if 
the materials of the top and plane are perfectly hard, and if there 
is no resistance of the air. 

32. Darwin’s theory of the birth of the Moon might seem 
improbable^ might seem even an extravagant attempt in evolu- 

* qn oi the SpiDning Toj>,’* Math Jowrmh 1889, 

Yal. I. p. 49, 
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tionary philosophy, iosiifficiently founded on knowledge. In 
reality it is rendered highly probable, it is indeed forced upon us, 
by tracing backwards to earlier and earlier times the dynamical 
antecedents of the present conditions of Earth, Moon, and Sun 

33 A hundred years before the doctrine of energy thoroughly 
entered the minds of mathematicians and naturalists, Kant made 
known the truth that the Earth's rotational velocity is diminished 
by tidal friction. When we consider the dynamics on which this 
statement is founded, we see that it implies reactive forces gravi- 
tationally exerted on the Sun and Moon by terrestrial waters. 
Ignoring the Sun, as less influential than the Moon in respect to 
the tides, we ^^see that the mutual action between the Moon and 
the Earth must tend, in virtue of the tides, to diminish the 
rapidity of the Earth’s rotation, and increase the moment of the 
Moon’s motion round the Earth^/’ ..‘‘The tidal deformation of the 
water exercises the same influence on the Moon as if she were 
attracted not precisely in the line towards the Earth's centre, but 
in a line slanting very slightly, relatively to her motion, in the 
direction forwards The Moon, then, continually experiences a 
force forward m her orbit by reaction from the waters of the sea. 
Now, it might he supposed for a moment that a force acting 
forwards would quicken the Moon's motion , but, on the contrary, 
the action of that force is to retard her motion It is a curious 
fact easily explained, that a force contmually acting forward with 
the Moon's motion will tend, in the long run, to make the Moon's 
motion slower, and mcrease her distance from the Earth*.” 

34 Thus we see that in the present regime the Moon is 
getting farther and farther from the Earth, and the Earth's 
rotational velocity is becommg less and less ; the sum of moments 
of momentum being thus kept constant. Hence in more and 
more ancient times, the Moon must have been nearer and nearer 
to th4 Earth, and the Earth's rotational velocity must have been 
greater and greater Trace then the course of motions backwards 
for a sufficient number of millions of years, and we find the Earth 
much hotter than at present, and in the semi-sohd semi-plastic 
condition descnbed in § 28 above. The distance of the Moon 

* Quoted from Sections 7 and 14 respectively of an address by Bir William 
Thomson, to the Geological Society of Glasgow, On Geological Time,” Feb. 27, 
1868; repUbhahed in Lord Kelvin’s Popular Lectures and Addresses^ Vol. it; see 
pp 21 and 83, 
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from the Earth must then as now have been increasing, and the 
Earth’s rotational velocity then as now diminishing But these 
two changes must have been much more rapid then than now, 
because of the viscosity of the semi-solid matenal of the Earth, 
and because of the Moon’s shorter distance from the Earth and 
therefore greater gravitational influence on the Earth, then 
than now Sir George Darwin had perfect right to trace the 
regime backwards, until there was contact and continuity between 
the Earth and Moon. The continuity of the whole niiiss must 
have come to an end with the sudden and violent catastrophe 
described in § 28 above, to which Sir George Darwm boldly went 
back with sober truthfulness. It is conceivable that meteorites 
large or small may have at various times produced disturbances , 
but I cannot see any probability for any other history of Earth 
and Moon, differing materially from that which Darwin has 
given us. 

35 Returning now to § 1, an unanswerable question occui’s- — 
Were the primordial atoms relatively at rest m the most ancient 
time, or were they moving with velocities, relative to fixed axes 
through the centre of inertia of the whole, suflSciently great to 
give any considerable contribution to the present kinetic energy 
of the universe ^ It is conceivable that all the atoms were 
relatively at rest in the most ancient time, and that ‘'the potential 
energy of gravitation may be in reality the ultimate created 
antecedent of all the motion, heat, and light at present in the 
universe^.” 

* Quoted from “On Mechanical Antecedents of Motion, Heat, and Light/’ 
Bnt dssoc Beport, Part II. 1864; JSdtn New Phil Journal, Vol. 1 . 1865 ; Comptes 
PenduSy Vol. xn. 1866 j republished in Sir William Thomson’s Math, and Phys. 
Papers, Vol. n, p, 84. 
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161 . The Pkoblem of a Spherical Gaseous Nebula^. 


[From Edinh, Roy Roo Proc, Vpl sxvm [MS reed March 9, 1908], Issued 
separately May 6, 1908, pp. 259 — 302 ^ Fhd Mag Vol xv June 1908, 
pp 687 — 711, Yol XYi. July 1908, pp. 1 — 23] 


This paper was begun about the close of 1906, in order to fulfil a promise 
given at the end of the paper “On the Convective Equilibrium of a Gas under 
its own Gravitation only,” published in the PhxloBO^pImal Magazine^ 1887, 
and part of it was commumcated by Lord Kelvin to the Royal Society of 
Edinburgh at its meeting on the 21st January, 1907 Since then, however, 
important additions have been made to it, and the subject has been dealt 
with more fully than was onginally intended Unfortunately the manuscript 
was left incomplete at Lord Kelvin^s death It ended with § 35 

However, from information which I received from Lord Kelvin while 
carrying out the earlier work connected with the paper, I have been able to 
wnte the sections from § 36 to the end These complete all that Lord Kelvin 
desired to include in this communication , and they express, I beheve, the 
views he held while writmg the earlier sections 

The statement of mathematical solutions and numencal results separately, 
as an Appendix to the paper, under my own name, is in accordance with Lord 
Kelvin’s wishes. 

Gbohob! Green, 

SQ<ytetaTy 


l.f If a fluid globe were given with any arbitrary distribution 
of temperature, subject only to the condition that it is uniform 
throughout every spherical surface concentric with the boundary, 
the coobng, by radiation mto space, and consequent augmentation 
of density of the fluid at its boundary, would immediately give 
use to an instability according to which some parts of the outer- 
most portions of the globe would sink, and upward currents would 

* Oommunioated by Dr J. T. Bottomley, P R S. 

t § 1 IS extracted from “ On Homer Lane’s Problem of a Spbencal Gaseous 
Kebnla,” Nature^ Feh. 14, 1907. 
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consequently be developed in other portions. In any real fluid, 
whether gaseous or liquid, this kind of automatic stirring would 
tend to go on until a condition of approximate equilibrium is 
reached, in which any portion of the fluid descending or ascending 
would, by the thermodynamic action involved in change of 
pressure, always take the temperature corresponding to its level, 
that is to say, its distance from the centre of the globe. The 
condition thus reached, when heat is continually being radiated 
away from the spherical boundaiy, is not perfect equilibrium. It 
IS only an approximation to equilibrium, in which the temperature 
and density are each approximately uniform at any one distance 
from the centre, and vary slowly with time, the variable irregular 
convective currents being insufficient to cause any considerable 
deviation of the surfaces of equal density and temperature fiom 
sphericity, 

2. The problem of the convective equilibrium of temperature, 
pressure, and density, in a wholly gaseous, spherical fluid mass, 
kept together by mutual gravitation of its parts, was first dealt 
with by the late Mr Homer Lane, who, as we are told by Mr 
T. J. J See, was for many years connected with the U.S. Coast 
and Geodetic Survey at Washington. His work was published in 
the American Journal of Science, July 1870, under the title '‘On 
the Theoretical Temperature of the Sun*/’ 

In a letter to Joule, which was read before the Literary and 

♦ The real subject of this paper is that stated in the text above The apphoa- 
tion of the theory of gaseous convective e(iuihbrmin to sun heat and light is very 
largely vitiated by the greatness of the sun’s mean density (1*4 times the standard 
density of water). Common air, oxygen, and carbonic acid gas show resistance to 
compression considerably m excess of the amount calculated according to Boyle’s 
Law, when compressed to densities exceeding four, or five, or six, tenths of the 
standard density of water. There seems strong reason to believe that every fluid 
whose density exceeds a quarter of the standard density of water resists com- 
pression much more than according to Boyle’s Law, whatever be the temperature 
of the fluid, however high, or however low We may consider it indeed as quite 
certain that a large proportion of the sun’s interior, if not indeed the whole of the 
sun’s mass within the visible boundary, resists compression much more than 
according to Boyle’s Law. It seems indeed most probable that the boundary, 
whioh we see when looking at the sun through an ordinary telescope, is in reality 
a Surface of separation between a liquid and its vapour , and that all the fluid 
within this boundary resists compression so much more than according to Boyle’s 
Law that it does not even approximately satisfy the conditions of Homer Lane’s 
problems and that in reality its density increases inwards to the centre vastly less 
than according te Homer Lane’s solution (see § dfl below)* 
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Philosophical Society of Manchester, January 21, 1862, and 
published m the Memoirs of the Society under the title, '‘On the 
Convective Equilibrium of Temperature m the Atmosphere*,” 
it was shown that natural up and down stirring of ^ the earth's 
atmosphere, due to upward currents of somewhat warmer air, and 
return downward flow of somewhat cooler air, m different localities, 
causes the avemge temperature of the air to diminish from the 
3arth's surface upwaMs to a definite hmiting height, beyond which 
jhere is no air. It was also shown that, were it not for radiation 
)f heat across the air, outwards from the earth’s surface, and 
nwards from the sun, the temperature of the highly rarefied air 
dose to the bounding surface would be just over absolute zero , 
.hat is to say, temperature and density would come to zero at the 
ame height as we ideally rise through the air to the boundary 
d the atmosphere. Homer Lane's problem gives us a corre- 
pondmg law of zero density and zero temperature, at an absolutely 
lefined spherical bounding surface (see § 27 below) In fact it is 
lear that if in Lane's problem we first deal only with a region 
djoining the spherical boundary, and having all its dimensions 
ery small m comparison with the radius, we have the same 
roblem of convective equilibrium as that which was dealt with 
1 my letter to Joule. 

3. According to the definition of "convective equilibrium” 
iven m that letter, any fluid under the influence of gravity is 
lid to be in convective equilibrium if density and temperature 
re so distributed throughout the whole fluid mass that the 
irfaces of equal temperature, and of equal pressure, remain un- 
langed when currents are produced in it by any disturbing 
ifluence so gentle that changes of pressure due to inertia of the 
otions are negligible. The essence of convective equilibnum is 
lat if a small spherical or cubic portion of the fluid in any 
)sition P is ideally enclosed in a sheath impermeable to heat, 
id expanded or contracted to the density of the fluid at any 
her place its temperature will be altered, by the expansion 
contraction, from the temperature which it had at P, to the 
tual temperature of the fluid at P'. The formulas to express 
is condition were first given by Poisson. They are now generally 
town as the equations of adiabatic expansion or contraction, so 

* Bepablislied in Sir William ThomBon’s Math, and Phyi, Papers, Vol. iii. 

m. 
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named by Rankine They may be written as follows, for the ideal 
case of a perfect gas 


1 k 


•(1). (2). (3); 


where (t, p, _p), {t\ p\ p') denote the temperatures, densities, and 
pressures, at any two places m the fluid (temperatures being 
reckoned from absolute zero), and k denotes the ratio of the 
thermal capacity of the gas when kept at constant pressure to its 
thermal capacity at constant volume, which, according to a common 
usage, is for brevity called '‘the ratio of specific heats” For 
dry air, at any temperature, and at any density within the range 
of its appioximate fulfilment of the gaseous laws, we have 


fc = 141, 




= •291, 




= 3 44., 


(4) 


For monatomic gases we have 

,5 k 5 


(5) 


For real gases, we learn from the Kinetic Theory of Gases, and 
by observation, that k may have any value between 1 and 1|, 
but that it cannot have any value greater than If, or less than 1 

4 To specify fully the quahty of any gas, so far as concerns 
our present purpose, we need, besides A, the ratio of its specific 
heats, just one other numerical datum, the volume of a unit mass 
of it at unit temperature and unit pressure This, which we 
shall denote by S, is commonly called the specific volume, and 
its reciprocal, 1/S, we shall call the specific density (D) of the 
gas In terms of this notation, the Boyle and Charles gaseous 
laws are expressed by either of the equations 

pv = St, or p = p8t .. (6), (6') 5 

where p, v, p, denote respectively the pressure, the volume of umt 
mass, and the density of the gas at temperature t, reckoned from 
absolute zero Our unit of temperature throughout the present 
paper will be 273° C Thus the Centigi^de temperature corre- 
sponding to ^ m our notation is 273 (^—1) 

5. In virtue of § 4, what is expressed by (1), (2), (3), equi- 
valent as they are to two equations, may now, for working 

17 


K V 
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purposes, be expressed much more conveniently by the single 
formula (6), together with the following equation — 

p = Ap’^ . . . ( 7 ), 

where A denotes what we may call the Adiabatic Constant, which 
is what the pressure would be, in adiabatic convective equilibrium, 
at unit density, if the fluid could be gaseous at so great a density 
as that 

6. Looking to (6), remark that p bemg pressure per umt of 
area, the dimensions of pv are L~^ x or Z, if we express force in 
terms of an arbitrary unit, as in § 10 below , therefore S, though 
we call it specific volume, is a length. It is in fact, as we see by 
(9) below, equal to the height of the homogeneous atmosphere 
at unit temperature, in a place for which the heaviness of a unit 
mass is the force which we call unity in the reckoning of p. 

7 In the definition of what is commonly called the “height 
of the homogeneous atmosphere,'' and denoted by H, an idea very 
convement for our present purpose is introduced. Let p be the 
pressure and p the density, at any point P within a fluid, liquid 
or gaseous, homogeneous or heterogeneous, m equihbnum under 
the influence of mutual gravitation between its parts , and let g 
be the gravitational attraction on a umt of mass at the position 
P, Let 

gpS^P (8). 

This means that S is the height to which homogeneous liquid, 
of uniform density p, ideally under the mfluence of umform 
gravity equal to g, must stand in a vertical tube to give pressure 
at its foot equal to p, 

8. The idea expressed by (8) is useful m connection with 
questions connected with internal pressure throughout a spherical 
kquid mass, such as the sun It is also useful when we are 
considermg pressure and temperature in gaseous fluids, such as 
our terrestrial atmosphere, or the outermost parts of the sun, 
which may be regarded as practically gaseous where the density 
is anythmg less than 1. 

9. For a perfect gas, (8) divided by p, becomes 

ffE = St (9), 

By this we see, what is interesting to remark, that for the same 
temperature and same gaseous material, the “height of the 
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homogeneous atmosphere ” is the same for the air at the earth's 
surface and for the air at any height above the surface , and is 
the same for different barometric pressures. For different tem- 
peratures, it varies as the absolute temperature. For different 
gases at the same temperature, it is proportional to their specific 
volumes, F or different forces of gravity, it is inversely proportional 
to them 

10 Even for coamical reckonings in respect to our present 
subject, and in many and varied terrestrial reckomngs, it is 
convenient to take as unit of force the heaviness in mid- 
latitudes of the unit of mass. The unit of mass, for all nations 
and peoples of the earth, must for general convemence be founded 
on the existing French Metrical System The unit may, according 
to the particular magnitude or character of substance of which 
the mass or quantity is to be specified, be conveniently taken as a 
milligram, or a gram, or a kilogram, or a metric ton (one thousand 
kilograms), or 10® tons. 

11. The choice of umt force as mean terrestrial heaviness 
of unit mass is very convenient for ordinary earthly purposes, but 
language m which it is adopted is, unless properly guarded and 
tacitly understood, always liable to ambiguity os to whether force 
or quantity of matter is meant Thus if (using for a moment the 
moribund British Engineering reckonmgs in pounds, inches, etc ) 
we speak of 73 pounds of lead, there is no doubt that wo mean 
quantity of a particular kind of matter, but if we speak of 
73 pounds per square inch (which might be 73 pounds of lead, or 
of iron, or of stone) we mean a force. If we call the pressure on 
the boiler of a ship 73 pounds per square inch, we mean a some- 
what greater pressure when the ship is in middle or northern 
latitudes than when she is on the equator ; though the difference 
IS, for pressures on safety-valves, practically negligible, being for 
example three-tenths per cent, between the equator and the 
latitude of Glasgow or Edinburgh. 

12. In the present paper we shall take as unit of mass the 
mass of a cubic kilometre of water at standard density (which is 
10® metric tons) ; and we shall take its heaviness in mid-latitudes 
as unit of force. This means taking fbr ^ in (8) and (9), and 
in all future formulas, the ratio of gravity at the place under 
consideration to terrestrial gravity in rnid^latitudes. Hence 
(remembering that in § 4 we haye chosen for oiix unit temperature 
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reckoned from absolute zero the temperature of melting ice, being 
equal to 273° Centigrade above absolute zero) we see by (8) 
that S IS simply the height m kilometres of the Homogeneous 
Atmosphere in mid-latitudes, at the freezing temperature Thus, 
from known measurements of densities, we have the following 
table* of values of S for several different gases — 


Gas S 


Air 

7^988 kilometres 

Ammonia 

13 414 

>) 

Argon 

5 767 

» 

Carbon dioxide 

5 232 

3 ) 

Carbon monoxide 

8 370 

33 

Chlorine . . 

3297 

3 > 

Helium . . 

58'354 

>3 

Hydrogen 

114 76 

33 

Nitrogen 

8-266 

33 

Oxygen 

7-233 

33 

Sulphur dioxide 

3 709 

33 


13 Consider now convective equilibrium in any part of a 
wholly gaseous globe, or m any part of a fluid globe so near the 
boundary as to have density small enough to let it fulfil the 
gaseous laws* Let z be depth measured inwards from any 
convenient pomt of reference The differential equation of fluid 


equihbnum is 


dp=gpdz 

Now, if the equilibrium is convective, we have by (3) 

(10). 



Using this, and (2), in (10), and dividing both members by 

we fiind 

dt — l 

dz k p' 

(12). 

Whence, by (6), -we find ^ 

ctz h h 

(13); 

1 

and, ((2) repeated) 

(14). 


* If inBtecMi of takajg 10® tons as our unit of ma$s wo take a gram, the numbers 
in thifl table must eaeb be multipbed bj 10^, and they will then be the values of S 
in centimettes instead of in kllometros. 
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14 These are exceedingly important and interesting results. 
By (13) we see that in any part of a wholly gsiseous spherical 
nebula, or in a gaseous atmosphere around a solid or hquid 
nucleus, in convective equilibrium, suflficiently stirred to have the 
same chemical constitution throughout, the temperature-gradient 
of increase inwards is in simple proportion to the force of gravity 
at difiPerent distances from the centre We also see that m gaseous 
spherical nebulas of different chemical constitutions, or in gaseous 
atmospheres of different chemical constitutions, around solid or 
liquid nucleuses, the temperature-gradients at places of the same 
giavity are simply proportional to the values of {k--l)/(kS) for the 
different gases or gaseous mixtures. 

15. For the terrestrial atmosphere we have by (4) 
1) = 3 44, and by the table in § 12, 5^ = 7*988 kilometres. 
The temperature-gradient according to (13) is therefore, at the 
rate of our unit of temperature, or 273 degrees Centigrade, per 
27 5 kilometres, or V C. in 100 6 metres This is much greater 
than the temperature-gmdient found by Welsh, m balloon ascents 
of about fifty years ago, which was only 1® 0. in 161 metres*. 
Joule, with whom I had been m discussion on the subject in 
1862, suggested to me that the discrepance might be accounted 
for by the condensation of vapour m upward currents of air, In 
endeavouring to test this suggestion, I made some calculations 
of which results are shown in the followmg table, extracted from 
a table given m my paper of 1862, referred to m § 2 above. 


Temperature centigrade 
or t- 278*7 


0 

5 

10 

15 

20 

26 

30 

36 


Elevation from Earth’s 
surface required to cool 
moist air by 1° 0. 

doj 

Trs 

Metres 162 
168 
186 
207 
229 
252 
274 
284 


* Mr Shaw informs me that much investigation in later times gives a general 
average mean gradient of P 0 per 164 metres ^ This is very nearly the same as it 
would be with no disturbauoe from radiation in air saturated with moisture, at 
4® C, 
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16. From this we see that an ascending current of moist air 
at 3® C would smk in temperature at about the rate of 1'^ C 
m 161 metres of ascent This is exactly Welsh's gradient, ^^vnd 
we may conclude that at the times and places of his observations 
the lowermg of temperature upwards was nearly the same as that 
which air saturated with moisture [at 3° C.] would experience in 
ascending* " But it is not to be supposed, indeed it cannot have 
been the case, that his observations were made in a single ascent 
through cloud 'Tt is to be remarked that except when the air 
is saturated, and when, therefore, an ascending current will always 
keep formmg cloud, the effect of vapour of water, however near 
saturation, will be scarcely sensible on the cooling effect of 
expansion f " 

17 But, considering our terrestrial atmosphere as a whole, 
and the compheated circumstances of winds, and rain, and snow, 
and its heatings by radiations from the sun, and its coolings by 
radiation into starlit space, and its heatmgs and coolings by 
radiations to land and sea m different latitudes, we may feel snre 
that Joule’s suggestion shows a cause contributing importantly to 
the general average temperature-gradient bemg less than it would 
be in dry air in convective equilibrium. 

18. For the solar atmosphere, we have approximately, y === 28 
(28 times middle latitude gravity at the earth’s surface). By 
way of example, we may take 8 and ^ the same as for the 
terrestrial atmosphere, as we have not sufficient knowledge from 
spectrum analysis to allow us to guess other probable values of 
and k for the mixture of gases constituting the upper parts of tlio 
sun’s atmosphere, than those we know for the mixture of Oxygon, 
Nitrogen, Argon, and Carbomc Acid, which in the main constitutes 
our terrestnal atmosphere Thus in the upper atmosphere of 
the sun, if m purely convective equilibrium, and undisturbed by 
radiations and other comphcations, the temperature would incretxse 
at the rate of 280 degrees Centigrade per kilometre downwards, 
and, looking forward to § 27 below, we see that the increase of 
temperature would start from absolute zero at the boundary, 
where density, pressure, and temperature, are all zero It would 

♦ Quoted from the Mauohester paper above referred to, Math aiid Phya. Papers . 
Yol m. p 260 > 

t Ibtd. 
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require very robust faith in the suggestion of convective equili- 
brium for the gaseous atmosphere of the sun to believe in +7° G. 
being the actual teniperaturo of the sun’s atmosphere at one 
kilometre below the boundary I am afraid I ctxnuot quite profess 
that faith It seems to me that the enormous radiation from 
below would, if the upward and downward currents were moderately 
tranquil, overheat the air in the uppermost kilometre of the sun’s 
atmosphere to far above the temperatures ranging from - 273° 
Centigrade to 4- 7'' Centigrade, calculated as above from the adia- 
batic convective theory. 


19. Keeping, however, for the present by way of example, 
to the calculated results of this theory, with the data for S and k 
chosen m § 16, wo find at ten and at fifty kilometres below the 
boundary, the temperatures, reckoned in Centigrade degrees above 
absolute zero, would bo respectively 2800 and 14000. Calling 
these tempeiaturevS t' and t, and the densities at the same places 
p' and p, we find by (14) 


P 


M000\^ 
2800 ) “ 


56'9 


(15). 


Suppose for example p to be *001 (1/1000 of the density of water), 
we shall have p = *066. This last is nearly but not quite too 
great a density for approxitnato fulfilment of the gaseous laws for 
the same gaseous mixture as our air, Thus, if not too much 
disturbed by radiation of heat from below, the uppermost fifty 
kilometres of the sun's atmosphere might be quite approximately 
in gaseous convective equilibrium ; with density and temperature 
augmenting from zero at the boundary, to density 066, and 
t(‘mperature 14000 Centigrade degrees above absolute zero, at 
the fifty kilometres depth. But, going down fifty kilometres 
deeper, we find that the temperature at one hundred kilometres 
depth would be 28000°, and the density would be *316. This 
density is much too great to allow even an approximate fulfilment 
of the geiseous laws, by any substance known to us, even if its 
temperature were as high as 28000°. This single example is 
almost enough to demonstrate that the approximately gaseous 
outer shell of the sun cannot be as much as 100 kilometres thick 
— a conclusion whiah may possibly be tested, demonstrated, or 
contradicted, by sufficiently searehi^^ spectroscopic analysis. The 
charactei" of the test wmild 'be^ W the thickness of the 
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outermost layer from which the bnght spectrum lines proceed. 
If it were V' as seen from the earth, it would be 73 kilometres 
thick 

20 Considering the great force of gravity at the sun’s surface 
(about 28 times terrestrial gravity), it is scarcely possible to 
conceive that any fluid, composed of the chemical elements 
known to us, could be gaseous in the sun’s atmosphere at depths 
exceedmg one hundred kilometres. I am forced to conclude that 
the uppermost luminous bnght-line-emitting layer of our own 
sun’s atmosphere, and of the atmosphere of any other sun of equal 
mass, and of not greater radius, cannot probably be as much as 
one hundred kilometres thick 

21 There must have been a time, now very old, in the 
history of the sun when the gravity at his boundary was much 
less than 28, and the thickness of his bright-line- emitting outer- 
most layer very much greater than one hundred kilometres 
Qomg far enough back through a sufficient number of million 
years, in all probability we find a time when the sun was wholly 
a gaseous spherical nebula from boundary to centre, and a splendid 
realization of Homer Lane’s problem The mathematical solution 
of Homer Lane’s problem will, for a spherical gaseous nebula of 
given mass, tell exactly what, under the condition of convective 
equilibrium, the density and temperature were at any point within 
the whole gaseous mass, when the central density was of any 
stated amount less than 1 , on the assumption that we know the 
specific volume (S) and the ratio of specific heats (k) for the actual 
mixture of gases constituting the nebula It will also allow us 
to find, at the particular time when any stated quantity of heat has 
been radiated from the gaseous nebula mto space, exactly what 
its radius was, what its central temperature and density were, 
and what were the temperature and density at any distance from' 
the centre Thus, on the assumption of S and k known, we have 
a complete histoiy of the sun (or any other spherical stai) for 

all the time before the central density had come to be as large 
as 1 ° 


22 To pass from the csase of convective equilibnum in a 
gaseous atmosphere so thin that the force of gravity is pracucally 
constant throughout its thickness, to the problem of convective 
■equi 1 num through any depth, considerable in comparison with 
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the radius, or through the whole depth down to the centre, provided 
the fluid IS gaseous so far, we have only to use (13) and (14), with 
the proper value of ff, varying according to distance from the 
centre Bemembering that we are taking g in terms of terrestrial 
gravity, and that the moan density of the earth is 6*6, in terms 
of the standard density of water, which we arc taking as our unit 
density, we have the following expression for g, in any spherical 
mass, m, having throughout ecpial densities, p, at equal distances, 
?', from the centre : — 



where E denotes the earth’s mass, and e the earth’s radius. This 
expression we find by taking g as the force of gravity due to 
matter within the sphere of radius v, according to Newton’s 
gravitational theorem, which tolls us that a spherical shell of 
matter having equal density throughout each concentric spherical 
surface exerts no attraction on a point within it Using this in 
(13) of § 13, with dz^^dr i multiplying both members by r®, and 
introducing m to denote the mass of matter within the spherical 
surface of radius r, we find 


Jt 8 3 A?-l 

^ (ir^5’6.e kiS Jo^^^^~5-6.e klS 

-w- 

Differentiating (17) with reference to r, we find 


d 3 k-1 

dr 1_ dr J 5‘6.e k8 ^ 

(18). 

23. By (6), and (7), of §§ 4, 6, we find 


p.(^),»h9r» 

...(19), (20). 

Eliminating p from (18) by (19), we find 


d u > 6'6.«(*4-l)-d'' 

8«- 

...(21), (22). 

24. By putting 

roxrjis 

(23), 


we reduce (21) to the very simple form, 

^ if ' 


(24); 
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the equation of the first and third members of (17), modified by 
(20) and (23), gives 

m {K-\-l)S<r dt /OKN 

di ^ ^ 

26 Let t = be any particular solution of this equation, 
we find as a general solution, with one disposable constant G, 

^ = (26), 

which we may immediately verify by substitution in (24). Here 
5 (w) may denote a solution for a gaseous atmosphere around a 
solid or liquid nucleus, or it may be the solution for a wholly 
gaseous globe, in which case 5 (x) will be finite, and S' {x) will be 
zero, when = oo Each solution g {x) must belong to one or 
other of two classes- — 

Class A that in which the density increases continuously 
from the spherical boundary to a finite maximum at the centre. 
In this class we have dpjdr^Q (dtjdr = 0), when r — 0 , or, which 
amounts to the same, dpjdx—O (dtjdx — O), when x^oo 

Class B that m which, m progress from the boundary inwards, 
we come to a place at which the density begins to diminish, or is 
infinite , or that m which the density increases continuously to an 
infinite value at the centre. 

With units chosen to make g(oo) = l, we shall denote the 
function S of class A by and call it Homer Lane’s Function, 
because he first used it, and expressed in terms of it all the 
features of a wholly gaseous spherical nebula in convective equi- 
librium, and calculated it for the cases, a: = 1 5 and a: = 2*5 (yfc = 
and ifc=14) He did not give tables of numbers, but he repre- 
sented his solutions by curves ^ He did give some of his numbers 
for three pomts of each curve, and Mr Gieen, by very different 
methods of calculation, has found numbers for the case a: = 2*5, 
agreeing with them to within ^^th per cent 

26 By improvements which Mr Green has made on previous 
methods of calculation of Homer Lane’s Function, and which he 
describes m an Appendix to the present paper, he has calculated 
values of the function and of its differential coefficient 

(a?), which are shown in five tables corresponding to the following 


American Journal of Scieivce^ July 1870, p, 69. 
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five values of ic, 1* * * § 5, 2 5, 3, 4, oo . For the four finite values of /c 
the practical range of each table is from »^ = 5 to^=oo,g denoting 
the value of x which makes t = 0 


27 There is such a value of x which is real in every case in 
which K is positive and less than 5. This we see exemplified in 
the four dimmishmg values of g found by Mr Green ( 2737, 1867, 
*1460, 0667)* for the four finite values of /c, 1 5, 2'6, 3, 4, and 
m the zero value of g for /c = 5, the case described m § 29 below. 
In this case equation (24) has a solution in finite terms, which 
gives t = \/S X for infinitely small values of x, and therefore makes 
j = 0 for ^ = 0. 

28 Two interesting cases, /c = 1 and /c = 5, for each of which 
the differential equation (24) is soluble in finite terms, have been 
noticed, the former by Ritterf , the latter by Schuster J Ribter's 
case yields in reality Laplace's celebrated law§ of density for the 
earth’s interior (sm nr/r), which Laplace suggested as a consequence 
of supposing the earth to be a liquid globe, having pressure 
increasing from the surface inwards in proportion to the aug- 
mentation of the square of the density. With Ritter, however, the 
value of 71 IS taken equal to tt/jR, so as to make the density zero 
at the bounding surface (?'=i?) With Laplace, 7i is taken equal 
to fTr/iJ to fit terrestnal conditions, including a rjitio of surface 
density to mean densiby which is approximately l/2’6 The ratio 
of surface densiby to mean density given by Laplace’s law, with 
n — ^jr/R, IS in fact 1/2*4226, which is as near to 1/2 6 as our 
imperfect knowledge of the surface density of the earth requires, 


29 For the case /c =» 6, Schuster found a solution in finite 
terms, which with our present notation may be written as 
follows : — 

+ 

This makes ^ = 1 at the centre (cr/r = a; « oo ). At very great 
distances from the centre (x 0) it makes 


mx\/d^ 


O’ \/3 


and 


-m. 


\ A 


* See Appendix to the present paper, Tables I, — IV, 

f Wiedemann^s AnnaUn, Bd xn 1880, p, 888 

Z Bnt Absoq. BBporti 1888, .p. 428. 

§ UScaniqw Vol. V, ijvte xr. p. 49, 
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Using (27) in (25), we find 

m^(Ar + l)^a- V3 

and if in this we put a? = 0, we find 

M 1 ) S(r \/3 
E~ ^ 


(29), 

(30), 


where M denotes the whole mass of the fluid Thus we see that 
while the temperature and density both dimimsh to zero at 
infinite distance from the centre, the whole mass of the fluid is 
finite 


30. It is both mathematically and physically very interesting 
to pursue our solutions beyond a: =6, to larger and larger values 
of /c up to /c = 00 though we shall see in § 43 below, that, for all 
values of k greater than 3 (or insufficiency of gravitational 

energy causes us to lose the practical possibility of a natural 
realisation of the convective equilibrium on which we have been 
founding But notwithstanding this large failuie of the convective 
approximate equilibrium, we have a dynamical problem of true 
fluid equilibrium, continuous through the whole range of tc from 
— 1 to — 00 , and from + oo to 0 , that is to say, for all values of k 
from 0 to C30 . In fact, looking back to the hydrostatic equation 
(10), and the physical equations (1), or (7), and (16), we have the 
whole foundations of equations (17) to (26), m which we may 
regard t merely as a convenient mathematical symbol defined by 
(6') in § 4. Any positive value of /fc is clearly admissible in (1), 
if we concern ourselves merely with a conceivable fluid having any 
law of relation between pressure and density which we please to 
give it, subject only to the condition that pressure is increased 
by mcrease of density It is interesting to us now to remark, 
what IS mathematically proved in § 44 below, that unless k>l^j 
the repulsive quality in the fluid represented by A; in equation (1) 
18 not vigorous enough to give stable equilibrium to a very large 
globe of the fluid, in balancing the conglomerating effect of 
gravity. 

31 As to the range of cases in which k has finite values 
greater than 5, we leave it for the present and pass on to a; = oo , 
or /fc = 1. In this case equation (1) becomes 


P 

j 

p p 


( 31 ) 
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which IS simply Boylo’s law of the “Spring of air,” as he called it. 
It was on this law that Newton founded his calculation of the 
velocity of sound, and got a result that surprised him by being 
much too small. It wiis not till more than a hundred years later 
that the now well-known cause of the discrepance was discovered 
by Laplace, and a perfect agreement obtained between observation 
and dynamical theory. But at present wo are only concerned 
with an ideal fluid which, irrespectively of temperature, exerts 
pressure in simple proportion to its density. This ideal fluid we 
shall call for brevity a Boylean gas. 


32. For this extreme case of « = oo , our differential equation 
(24) fails ; but we deal with the failure by expressing t in terms 
of p by (19), and then modifying the result by putting a:=oo. 
We thus And 


^ — — where 


<r 

r' 


(32); 


<x denoting a linear constant given by (37) below. Equation (32) 
IS the equation of equilibrium of any quantity of Boylean gas, 
when contained within a fixed spherical shell, under the influence 
of its own gravity, but uninfluenced by the gravitational attraction 
of any matter external to it. The value of cr might, but not 
without considerable difficulty, be found from (22) by putting 
« = 00 . But it is easier and more clear to work out afresh, as in 
§ 33 below, the equation of equilibrium of a Boylean gas, unen- 
cumbered by the exuvirn of the adiabatic principle from which 
our present problem emerges. 

33. Let p*^Bp (33), 

where B denotes what we may call the Boylean constant for the 
particular gas considered; being its pressure at unit density. 
According to our units, as explained in §§ 10, H, 12, .5 is a linear 
quantity. The analytical expression of the hydrostatic equili- 


brium is 

— .....(34), 

where [(16) repeated] 

^ ^ fiC; 
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Eliminating p from (34) by (33), and multiplying both membei's 
by we find 




d log p _ 3 

dr ^ 56 e B 





(36) 


Differentiating this with reference to r, and then transforming 
from r to ^ as in equations (21) (24) above, we find (32), with 

the following expression for <r — 

o- = ^eB .. . (37) 


The equation of the first and third members of (36) gives 


m _ Bcrdlog p 
E dx 


34 Let now p = F(x) be any particular solution of (32) , we 
find as a general solution with one disposable constant G, 

w. 

which we may immediately verify by substitution m (32) (compare 
§25 above). The particular solution F must belong to one or 
other of the two classes, class A and class B, defined in § 26 
above, 

35 We shall denote by (x) what F(x) of § 34 becomes, when 
the particular solution of (32), denoted by F^ is of class A, with 
units so adjusted as to make (co ) = 1 , that is to say, central 
density unity Mr Green m his Appendix to the present papei 
has calculated 'T' (x) and 'T'' (x)/^ (x), through the range from 
- 2 ? =00 to (Z?= 1. His results are shown in Table V. of the 
Appendix Thus we may consider (x) and its differential co- 
efficient (x) as known for all values of x through that range 


36. Using this solution, ^{x), instead of F in (39) above, 
we find that the solution of class A, which makes the central 
density G, is 



and when we insert this expression for p in equation (38) we 
obtain 

rf ^ 


m B(t 1 


X 
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37 From equations (40) and (41), with values of "^^{a(\/G) 
and {xjsJG) obtained from the curves of ’^(rc) and 

'^{x)j'^{x) xn the range from a;=oo to a;= 1, and with the 
i^elation r — ajx where a is given by (37) above, we can tell 
exactly the density at any point of a spherical mass of an ideal 
Boylean gas, and the mass of gas within each spherical suiface 
of radius r, when the gas is in equilibrium under its own gravi- 
tation only, and has a density at its centre of any stated amount 
G. It IS interesting to examme by means of these solutions the 
changes in p and m at any given distance from the centre when 
the central density G increases by any small amount dC ^ and to 
find also the changes in the radius of the spherical cell enclosing 
a given mass m, required to allow the mass to continue in equili- 
brium when the central density is increasing or diminishing 
continuously. The followmg table shows the values of p or 
G'^ {xl\JG)j and ^m/EBcr or {x/aJG)/\/C^ (xj^^G), for seveial 
of the larger values of r, corresponding to the central densities 1 
and 1*21 respectively. 


a- 


^2 



) 

P 

EB(r 



00 

1 

0 

1 21 1 

0 

275 

2491 

6 697 

2511 

7 19 

•250 

2076 

7‘906 

2069 

8 39 

225 

1673 

0 38 

1647 

9 86 

200 

1296 

11 20 

1200 

1164 

195 

1223 

1161 

•1189 

12 03 

190 

1163 

12 04 

1118 

12 46 

186 

•1086 

12 60 

•1048 

12 89 

180 

1017 

12’97 

0982 

13 35 

176 

*0962 

13 47 

U 918 

13 83 

‘170 

'0889 

^•99 

0856 

14 34 

•166 

0828 

14 63 

0796 

14-86 

‘160 

0769 

15 10 

0738 

16 40 

•156 

•0712 

15 71 

06 B 1 

16 10 

160 

0667 

16'34 

'0628 

16*69 

146 

•0605 

17 01 

0677 

17 22 

140 

0654 

17 71 

0529 

18*04 

136 

•0606 

18*45 

0483 

18 61 

130 

•0461 

19^23 

•0439 

19*36 

125 

0418 

20*06 

•0398 

20*14 

120 

•0377 

2095 

0369 

20 98 

1]6 

0339 

21 89 

•0322 

21 ’88 

•no 

•0303 

22*88 

0288 

22-82 

106 

•0269 

23 96 

•0267 

23 83 

'100 

0238 

25 10 

0227 

24-94 
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38 From this table we see that it is possible to have the 
same mass of an ideal Boylean gas 21 9) distributed 

in two different equihbnum conditions within a given sphere 
(crjrh 115). We see also that m all smaller spheres the mass 
has increased, and in greater spheres it has decreased, through 
the alteration of density at the centre from 1 to 1 21. Indeed, 
when we trace the changes in the condition of any stated mass 
of a Boylean gas as its central density ideally increases from very 
small to very great values, we find that its radius diminishes till 
a certain central density has been reached, after which it increases 
till it becomes infimte. 

39. By taking any two values of C in equation (26) above, 
and comparing the two solutions thus ob tamed as m § 37, it may 
be verified that results similar to those found m the case of a 
finite mass of an ideal Boylean gas, are found also in the case of a 
finite mass of any gas for which a: > 3, or A < 1-^ , while for any 
fimte mass of a gas for which a: < 3, an increase in the density at 
the centre is always accompamed by a decrease m the radius of 
the shell enclosing the mass m equilibrium. These differences in 
the behaviour of the Boylean gas from that of gases for which 
a: < 3, and the resemblances of the Boylean gas and of gases for 
which a: > 3 (of which it may be regarded as the bmiting case, 
a: = 00 ), become of interest when we come to the question of the 
possibility of equilibrium of a mass of gas which is gradually 
losing energy by radiation into space The result found above 
that there are two equilibrium conditions of a mass of any gas 
for which a: > 3, and one equilibrium condition of a mass of any 
gas for which a: < 3, within a given sphere, makes it desirable to 
investigate the nature of the equilibrium m each case, and leads 
us to the consideration of the energy required to maintain a mass 
of gas in equilibrium, withm a sphere of radius R, in balancing 
the condensing influence of gravity. 

4iO. Let denote the thermal capacity at constant volume 
of the particular gaa considered. The energy within unit volume 
of the gas at temperature t is E^pt , and the total energy 
within a sphere of radius R, is given by 

/•E rJR 

I=4!7rEv J d/rr^pt= J dmt (42) 
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By using equation (6), and then integrating by parts, we obtain 


4j7rjSr« f-® 




...(43), 


and since jp = 0 at the outer boundary of the sphere and r = 0 at 
the centre, we have 




drr^^ 
0 dr 


.(44). 


Substituting now the expression given for — d^/dr in the equation 
of hydrostatic equilibrium (34), we obtain finally 

I = ^iyrr^gp (45) 

41. The work which is done by the gravitational attraction 
of the matter within any layer of gas 4i7rr^pdr in bringing that 
layer from an infinite distance to its final position in the sphere is 
given by 

dw =* 477T* pdr.gr (46) ; 

and the work done by gravity in collecting the whole sphere of 
radius R is therefore 

r St tjjr 

W = 4i7rj drr*gp = -^j dm— (47). 

42. From equations (45) and (47) we obtain, as the ratio 
of the intrinsic energy within the sphere of gas to the work done 
by gravity in collectmg the whole mass from an infinite distance. 


J ^ 

F“3(S 


(48). 


If Kp be the specific heat of the gas at constant pressure, we 
have S = Kp — Kv, and equation (48) may now be written in the 
form 


I Kp \ K 

¥'“3(irp-ir*)“3(*-l)“3 


(49). 


43. According to this theorem, it is convenient to divide 
gases into two species : species JP, gases for which the ratio {h) 
of thermal capacity pressure constant to thermal capacity volume 
constant is greater than 1 J ; species Q, gases for which h is less 
than 1^. And the theorem expressed mathematipally in equations 
(48) and (49) may be stai^d.thpf^-^*.!!,, ^p|ieip9al globe of gas, 
given in equilibnum, with any arbitral^ distabotlon of temperatiire 

K. V. ‘ ' 
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having isothermal surfaces spherical, has less heat if the gas is of 
species P, and more heat if of species Q, than the thermal equi- 
valent of the work which would be done by the mutual gravitational 
attraction between all its parts, m ideal shrinkage from an infinitely 
rare distribution of the whole mass to the given condition of 
density*/' 

44 It IS easy to show from the theorem of §§ 42, 43 that 
the equilibrium of a globe of Q gas is essentially unstable. Let 
us first suppose for a moment that by a slight disturbance of the 
equilibrium condition the ratio IfW for the globe of Q gas 
becomes greater than that required for equilibrium by equation 
(49) Unless the excess of mtemal energy were quickly radiated 
away, the repulsive force which the globe of gas possesses by 
virtue of its internal energy would more than balance the con- 
densing infiuence of gravity, and the globe would tend to expand. 
Smce the mtemal energy lost m expansion is exactly equivalent 
to the work done against gravity, we see that the ratio 1/W 
would continue to increase and the globe would become farther 
from an equilibrium condition than before. The expansion of the 
globe would therefore go on at an ever increasing speed till the 
density of the gas becomes infinitely small throughout. 

If, on the other hand, through a slight disturbance of the 
equilibrium condition, the ratio I/W becomes less than that 
required for equilibrium, the globe of gas would in this case tend 
to contract. The increase in the mtemal energy due to any 
slight condensation would be exactly equal to the thermal 
equivalent of the work done by gravitation , and the ratio I/W 
would therefore go on diminishing instead of increasing, as it 
would require to do if the gas is to be restored to a condition of 
equilibrium 

46. “From this we see that if a globe of gas Q is given m a 
state of equilibrium, with the requisite heat given to it no matter 
how, and left to itself m waveless quiescent ether, it would, through 
gradual loss of heat, immediately cease to be in equilibrium, and 
would begm to fall inwards towards its centre, until in the central 
regions it becomes so dense that it ceases to obey Boyle^s Law ; 
that is to say, ceases to be a gas. Then, notwithstanding the 

♦ Quoted from “ On Homer Lane's Problem of a Sj>herioal Gaseous Nebula,” 
K^turCi Feb 14, 1907. 
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above theorem, it can come to approximate convective equihbriu 
as a cooling liquid globe surrounded by an atmosphere of its ov 
vapour*.” 

46 But if, after being given in convective equilibrium as 
§ 45, heat be properly and sufficiently supplied to the globe of 
gas at its centre, the whole gaseous mass can be kept in tt 
condition of convective equilibrium. 

^7. The theorem of §§ 42, 43 is given by Professor Perry o 
page 262 of Ntxture for July 13, 1899, and in the short artic] 
“On Homer Lane's Problem of a Spherical Gaseous Nebula 
published in Nature^ February 14, 1907, 1 have referred to it b 
Perry’s theorem Since this was written, however, I have foun 
the same theorem given by A Ritter on pp 160 — 162 c 
Wiedemann's Annalen, Bd 8, 1879, with the same conclusio 
from it as that stated in § 44 above, namely, that when A < 1|- th 
equilibrium of the spherical gaseous mass is unstable 

48. In the theorem of Bitter and of Perry, given in § 4S 
convective equilibrium is not assumed. For the purposes of ou 
problem, indicated in § 21, it is desirable to obtam expressions fo 
the energy and the gravitational work of a mass M in equilibnun 
with a stated density at its centre, m terms of the notation o 
§§ 23 — 26 above. Thus, takmg as our solution with centra 
temperature G (equation 26), 

t^G®{z) (60), 

where z = ; r « ; 

and where cr is given in terms of the Adiabatic Constant, by 
(22) ; we have from equations (26) and (60) 



and by differentiating this we obtain 

^ (a; + 1) 

jjj ir 

from JSomer I^a^o^s ftasocms Nebula, 

J’eb, 14, 1907. m 
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49 With these values of t and dm substituted in the third 
member of equation (42), the expression for the internal energy, i, 
of the gas within a sphere of radius r becomes 


i=xj' 

Jo 


dmt—- 




f cZ^r@"(^)0(^).. (53). 

J Z 


By puttmg &' {z) = -\@{z)Ylz* in this, and then integrating by 
parts as in § 40, equation (43), we may write ^ in the form 


1 = 




■[@(5)]''« K + 1 

3^» 3 


J S 


dz 




&(z) 

(64). ■ 


Similarly, from the third member of (47), with the values of m 
and dm given in (51) and (62) above, we obtam the following 
expression for the gravitational work, w, done m collecting the 
gas within a sphere of radius r from mfimte space 


^E(ic + iyS^crC-i^-'» 


f 


. (65) 


It IS easy to verify from these equations for ^ and w that with 
— in § 42, 

__ K^E (a: -I- 1) [O tc 

+ (S6). 


50. For the complete mass of gas, M, which can he in con- 
vective equilibrium under the influence of its own gravitation 
only, with central temperature G, we have the following results. 


M (« + l)So-a-i('=-®) , , , 
,-r -©'.(?) 


(57), 


i2 = 




.( 68 ); 


TTT i^(* + l)'‘,Sv(M('‘-») /•* [@(.2)1* 

^ j, 9'W.-(eo); 


with ^ = 5-6,e(A:-|-l)J* 
3./S*-i 


.[(22) repeated]. 
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The two equations (69) and (60) give as before 

Tf“3 


. ...(61) 


51 The equations of §§ 48 — 60, with equation (19), give the 
solution of Homer Lane’s problem for all values of k for which 
the function {z) and its derivative ©'* (z) have been completely 
determined, namely for = 1 and /c = 5, referred to in §§ 28, 29 
above, and for the values ]'5, 2*6, 3, 4, for which the Homer Lane 
functions and their derivatives are given in the Appendix to the 
present paper (Tables I. — IV,). It is important to remark that 
these equations indicate clearly the cntical case « = 3, and that 
they also reveal some interesting peculiarities of the case /c = 6 , 
which we have found to be the smallest value of k for which a 
fijute mass of gas is unable to anange itself in equilibnum within 
a finite boundary (see §§ 27, 29). 

Equation (67) shows thab in spherical nebulas for whose gaseous 
stuff a: =: 3 the total mass of any gas which can exist in the equi- 
librium condition corresponding to a definite central temperature, 
when so distributed throughout its whole volume that the tem- 
perature and density at every point are related to each other m 
accordance with a chosen value of the adiabatic constant A, can 
also be brought into the equilibnum condition corresponding to 
any smaller central temperature, through gradual loss of energy, 
without disturbing the relation of temperature and density at 
any point of the mass. 

Equations (69) and (60) show that in spherical gaseous nebulas 
for whose gaseous stuff /c = 5 the total internal energy, and the 
gravitational work, corresponding to each equilibrium distribution 
of gas, haa the same value, whatever be the central temperature 
or total mass, provided temperature and density at each point 
within the mass are related to each other in accordance with the 
same value of thO adiabatic constant in each case 


62. We may now apply the above equations to obtain the 
complete solution of our problem of § 21;-^to determine for any 
spherical gaseous nebula of given mass, initially in convective 
equilibrium, exactly what its radius was, what its central tem-^ 
perature and density were, and whab wene the temperature and 
denaity^ at any distance from the centra at the time when a 
stated, quantity of heat has been r|b4i^ted.into epace- Lonkmg 
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to equation (57), we see that throughout all approximate equih- 
hnum conditions of a constant total mass the relation 

— Jl (a constant) (02) 

holds * and, with this condition, equation (51) shows that, during 
the gradual loss of heat from the nebula, tho value of z for ciich 
stated mass m, concentric with the boundary, is constant. Wo 
have accordingly for the mass m 

Jl 1 

. -T-S W. 

where G vanes slowly as time goes on If wo suppose G-^ to bo 
the initial central temperature of the nebula, and G,^ its central 
temperature after a quantity of heat H has been lost by radiation, 
by applying (62) m the equations given above, wo easily find 
(with suffixes 1 and 2 refernng to the initial and final conditions 
respectively) the following results 

i ' 
h~rrh> P3= TV Pi 


^3 — 77 ^1 > 


i23 = §i?i 




in which tg, t,, p^, p,. r,, r^, all refer to points on the spherical 
surface enclosmg a stated mass m. The total heat lost by radiation 
may now be written 

JT. ( ir, - F, ( F, (05) ; 

and for an infinitesimal change in the condition of tho whole mass 
at any lame this becomes 




I _ /q ^ I^^momboring that 

/i-A5/^3^TF„ we see by (66) and (66) that the central temperature 

of h ^ “ equilibrium moreases, through gradual loss 

of heat by radiation into space. We then see also bweluh^ 
the internal energy of a rfobe nf q-qq p a’ * . ^ ^ ^ 

would gu „„ dZ 
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by the mutual gravitation of its parts would go on increasmg, till 
the gas in the central regions became too dense to obey Boyle's 
liRw. At the same time the radius of the globe would dimimsh. 
In other words, the repulsive power which the globe of gas P 
possesses by virtue of its internal energy, while m approximate 
equilibrium, is, owing to gradual loss of energy by radiation, at 
each instant just insufficient to exactly balance the attractive 
force due to the mutual gravitation of its parts. The globe is 
therefore compelled to contract and, as the heat due to the 
contraction is not radiated away so quickly as it is produced, the 
shrinkage of the globe is accompanied by augmentation of its 
internal energy. 

In figures 1 and 2 curves are shown illustrating five successive 
stages, numbered 1, 2, 3, 4, 5 respectively, in the history of a 
constant mass of any monatomic gas (« = 1 5 , A = If) m approxi- 



are temperature curves for a constant are density curves, oorrespOnding ^ 

mass of monatomic gas In equOi.- reppeotively to the ^temperature 

brium, at live stages of its history, curves TiRi, Ta Rg, Ta R 3 , T 4 JR*, 

numbered 1, a, 8 , 4, 5, lu order of T 3 JSa , of figure 1 

time, while it is losing heat by iradla- 

tion into space. . . ^ , 
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mate convective equilibrium while heat is being radiated from it 
into space. The abscissas represent distance from the centre. 
The ordmates in figure 1 represent temperature reckoned from 
absolute zero, OTi,,.OT^ bemg proportional to 1, 1062, 1 108, 
1T69, 1*236- figure 2 gives the corresponding density curves 

64. The remarkable result we have arrived at for P gases 
(for which alone, as we have seen, convective equihbnum can bo 
realised), that the internal energy of a given mass in approximate 
convective equilibrium increases through gradual loss of heat by 
radiation into space, was first suggested as a possibility by Homer 
Lane, the suggestion being given in his paper referred to m § 2, 
To understand it more fully, go back to equation (62), and observe 
that in the case of P gases cr is continually diminishmg, while the 
globe IS shrinking through loss of heat The adiabatic constant 
A, which determines the relation between temperature and density 
throughout the fluid at any mstant, must therefore also continually 
dimmish as time goes on [see (22) above] Thus, we find from 
equation (19) that, although the density and temperature of tho 
gas near the centre of the sphere are increasing, as we see from 
figures 1 and 2, and the total energy is increasing, in reahty tho 
temperatures at places of the same density are continually 
dimimshing. And this diminution of temperature at places of 
the same density causes a diminution of the elastic resistance 
of the gas to compression which allows the gravitational forces to 
effect a contraction of the gaseous mass. 

66 It seems certain that, as the condensation illustrated in 
figures 1 and 2 continues with increasing total energy, a time 
must come when the resistance to compression of the matter in 
the central regions must become much more than in accordance 
with the laws of perfect gases ; and after that occurs, the cooling 
at the surface, with continual mixing of cooled fluid throughout 
the mbenor mass, must ultimately check the process of becoming 
hotter in the central regions, and brmg about a gradual cooling of 
the whole mass. 

66. The application of the above theory of approximate 
convective equilibrium to the sun, regarded as a mass of matter 
in the monatomic state, requires that the law of increase of 
density from the surface inwards should be such that the density 
at the centre is about six times the mean density (see Appendix, 
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§ 16). The mean density of the sun is about 1*4, the density of 
water being taken as unity From this fact itself it seems certain 
that the sun is not gaseous as a whole. Disregarding, therefore, 
the high velocities which we know to exist in portions of the sun’s 
atmosphere, and which are, according to the defimtion given in 
§ 3, inconsistent with a condition of convective equihbnum, we 
arc still forced to conclude that Homer Lane’s exquisite mathe- 
matical theory gives no approximation to the present condition of 
the sun, because of his great average density ‘^This was empha- 
sised by Professoi Periy in the seventh paragraph, headed 'Gaseous 
Stars,’ of his letter to Sir Norman Lockyer on 'The Life of a Star’ 
{Nature^ July 13, 1899), which contains the folio wmg sentence* 

'It seems to me that speculation on this basis of perfectly 
gaseous stuff ought to cease when the density of the gas at the 
centre of the star approaches 0*1, or one-tenth of the density of 
ordinary water in the laboratory^.’” 

67. According to a promise in the 1887 paper to the Philo- 
sophical Magazine "On the equilibrium of a gas under its own 
gi'avitation only,” I now give examples of the application of bhis 
theory of convective equilibrium to spherical masses of argon and 
of nitrogen , choosing, for illustration, amounts of matter equal to 
masses of the sun, earth, and moon, with density at the centre 0*1 
in each case. 


Assuming (67) 

as the solution of (24), which gives central density 0*1, we find 
from equation (19) 

0'1-=(5J (68); 


and, as in this case we suppose the total mass M of the nebula to be 
known, we can determine 0 by applying equation (26) above Thus 




( 69 ). 


where q denotes the value of co for which 0„ (a?) = 0. Eliminating 
A and <r by means of equations (22) and (68), we obtain 


(7«(|) ’3770.r©'*(^?) 




^ Qtioted from Homer Laue’e Gaeeotm Nebula,” 

Nature Eeb, 14, 1 ^ 07 . ^ M t 1 f | ^ ' i 
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From equations (68) and (22) we can determine the following 
expressions for A and cr 


- = •8122 
e 



13 * 

« + l U/ 


( 71 ), 


V(sS) 


K 



1366. ©'«(§) 


/c—S * 


1 0 



The radius of the outer boundary of the nebula is given by 

ii = cr/ir, where = q . .. (73), (74). 


We have therefore R — which, by means of equations 

(70) and (72), may be written m the form 


- = 2*6527 
e 




For argon we have A7 = lf, or a: = 1’5, and /S^=5 767 kilo- 
metres, and for nitrogen we have ^=1*4, or /c — 2 6, and 
>S=8 266 kilometres With these values of 8 and /c, inserted 
in the above formulas, we obtain the results shown in the 
following table , 



Total 


Central tem- 
perature in 

Central 

Badins of 

Adiabatic 

Matter in 

mass, 

Central 

Centigrade 

pressure in 
metnc tons 

boundary 

Constant 

nebula 

that 

density 

degrees 

in 

in 


of 

above abso- 
lute zero 

per sq. 
kilometre 

kilometres 

kilometres 

Argon 

Sun 

•1 

1 105 X 108 

2 33 X 10'* 

3 04 X lO" 

108x10? 


Earth 

1 

2 342x104 

4-95 X 10*0 

4 42 X 10* 

2-30 X 10“ 

55 

Moon 

1 

1 243x103 

2 63 X 10“ 

l'02xl0* 

l'22xl0“ 

Nitrogen 

Sun 

•1 

es&sxw 

1 92 X 10'* 

4 79 X 10“ 

4-82 X 10“ 

>5 

Earth 

1 

1 353x104 

4 07 X lO'o 

6 97 X 10* 

102x10“ 


Moon 

1 

7 185x102 

2]exl0« 

161x10* 

64-3 

58 

The curves of 

figures 3 and 4 represent temperature and 


density at different distances from the centres of nebulas for which 


K has the values 1*6, 2*6, 3, and 4 The temperature curves are 
drawn from the numbers given in the third columns of Tables 
I — -IV of the Appendix the density curves, from the numbers 
given m the fourth columns. With properly chosen scales of 
ordinates and abscissas, the curves shown may represent the 
condition of any gaseous mass, corresponding to any of the 
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solutions (26) above Thus, with scales so chosen that 
and OT=^G, each curve, TR^, represents 
the temperature reckoned from absolute zero , and with 
OD^^{SGjAY, each curve D^R^ represents the density, m a 
nebula composed of gas for which k. has one of the values given 
above, when the central temperature is (7. 



Pig. 8. jT Ri 5 ie the curve of tempera- 
ture, and Z)i6 JRi 5 is the curve of 
density, for a monatomic gas 
P R2 6> A-fi 6 are 
corresponding curves for a diatomic 
gas [Tc=l 4), 


Fig. 4. T JRs is the curve of tempera- 
ture, and Us Rs is the curve of 
density, for a gas for which ^=1J. 
r Ri and U* R* are corresponding 
curves for a gas for which 


Each curve shown meets the axis of JK at a finite angle , this 
angle being so small for the density curves that they appear to 
meet OR tangentially. 


APPENDIX. 

By Geobgb Gbebn. 

[From Edtni. Roy. Sob. Rt>oo. Vol. xxvnr 1908, pp 289—302 , 
P^. Mag Vol StT* Mf 59l}^ '10-2^ ] 
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MOLECULAR AND CRYSTALLINE THEORY^ 

162 Note on Gravity and Cohesion. 


[From JSdiTib Roy, JSoo Ptog Yol ly. [read April 21, 1862], pp. 604 — 606 ; 
Edinh N&w Pkd Joum Yol xvi 1862, pp 146 — 148, Popular Loctxirea^ 
YoL L pp 69--63] 


163. Voltaic Potential Differences and Atomic Sizes. 


[From Manchester Phil JSoc Proo YoL ix [March 22, 1870], pp 136 — 141 , 
I^es Mmidesj Yol xxn. 1870, pp 701—708, YoL xxvn 1872, pp 616 — 
623, A^inal. Ohem Pharm Yol OLVil 1871, pp. 54 — 66; Amer Joum, 
Sot YoL L. (2nd ser ) 1870, pp 268 — 261 , Mature^ Yol. ll. May 19, 1870, 
pp 56, 67 ] 

The following extract of a letter, dated March 21, 1870, from 
Sir Wm. Thomson, D.O.L , P E S , Hon. Member of the Society^ 
to the President, [Dr Joule,] was read — 

I have now at last got mto good working ord,er measurements 
of electrostatic capacity (which, perhaps, you may remember I was 
working on the first time you ever came to see me, and more or 
less almost ever smce). I have two students of last year, junior 
assistants in my laboratory, measuring electrostatic capacities of 
condensers, and variations of specific inductive capacities of 
dielectric, with sensibility of - 3 ^ per cent., and with constancy in 
spite of accidental variations, generally within J or ^ per Oi^t. 


* See also Baltimore Lectures^ 1904, passim* 



1870] 


ON THE SIZE OF ATOMS 


285 


My occupation on the Kinetic Theory of gases has led me at 
last to come to definite terms as to the size of molecules. Ever 
since about the first year of my professorship I have taught my 
students that Cauchy^s theory of Dispei^ion proves heterogeneous- 
ness, or molecular structure, to become sensible in contiguous 
portions of glass or water, of dimensions modemtely small in 
comparison with the wave lengths of ordinary light, I have 
spoken to you also, I think, of the argument deducible from the 
contact electricity of metals. This, I now find, proves a limit to 
the dimensions of the molecules in metals quite corresponding to 
that established for transparent solids and liquids by the dynamics 
of dispersion. In experiments made about ten years ago, of which 
a slight sketch is pubhshed in the Froceed%ngs of the Literary 
and Philosophical Society of Manchester, I found that a plate of 
zinc and a plate of copper kept in metallic connection with one 
another ( by a fine wire or otherwise) act electrically upon electrified 
bodies in their neighbourhood, and upon one another, as they 
would if they were of the same metal and kept at a difference of 
potentials equal to about three-quarters of that produced by a 
single cell of Danielles. Hence, and from my measurement of the 
electrostatic effects of a DanielFs battery, published m the 
Proceedings of the Royal Society, for February and April, 1860, 
I find that plates of zinc and copper held parallel to one another 
at any distance, D, apart which is a small fraction of the linear 
dimensions of their opposed surfaces, and kept in metallic com- 
munication with one another, exercise a mutual attraction 
equal to 

2 X 10“^° X AjD’^ grammes weight. 

Hence if they were allowed to approach jfrom any greater distance, 
D\ to the distance i), the work done by their mutual attraction is 

2 X X centimetre grammes ; 

which, if D IS very small in comparison with is very approxi- 
mately equal to 

2 X 10-1^ X AjD. 

Now suppose a pile to be made of a great number {N -f 1) of 
very thin plates alternately of zinc and copper, kept in metallic 
connection while they are brought towards one another. Let 
their positions in the pile be parallel, with narrow spaces inter- 
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venmg For simplicity let the thickness of each metal plate and 
intervening space be D The whole work done will be 

2 X 10-10 X NAjD. 

The whole mass of the pile (if we neglect that of one of the end 
plates) IS 

NADp, 

where p denotes the mean of the densities of zinc and copper. 
Hence, if h be the height to which the whole mass must be raised 
against a constant force equal to its weight at the earth’s surface, 
to do the same amount of work, we have 

NABph = 2 X 10“io X NAjD, 

which gives A = 2 x lQ~'^^lpD^, 

or, as p = 8, nearly enough for the present rough estimate, 

A = l/(200000i))2 

Hence if 

D = centimetre, A = 1 centimetre. 

The amount of energy thus calculated is not so great as to afford 
any argument against the conclusion which general knowledge of 
divisibility, electric conductivity, and other properties of matter 
indicates as probable* that, down to thicknesses of gooSoo ^ 
centimetre for the metal plates and intervenmg spaces, the contact 
electrification, and the attraction due to it, follow with but little 
if any sensible deviation the laws proved by experiment for plates 
of measurable thickness with measurable mtervals between them. 
But let X) be a two-hundred-milhonth of a centimetre. If the 
preceding formulse were apphcable to plates and spaces of this 
degree of thmness we should have 

A = 1,000,000 centimetres or 10 kilometres. 

The thermal equivalent of the work thus represented is about 
248 times the quantity of heat required to warm the whole mass 
(composed of equal masses of zmc and copper) by 1° Oent. This 
IS probably much more than the whole heat of combination of 
equal masses of zinc and copper melted together. For it is not 
probable that the compound metal when dissolved in an acid 
would show anythmg approaching to so great a deficiency in the 
heat evolved below that evolved when the metallic constituents 
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are separately dissolved* and their solutions mixed, hut the 
expenment should be made. Without any such experiment how- 
ever we may safely say that the fourfold amount of energy mdicated 
by the preceding formula, for a value of D yet twice as small, is* 
very much greater than any estimate which our present knowledge 
allows us to accept for the heat of combination of zinc and copper. 
For something much less than the thermal equivalent of that 
amount of energy would melt the zinc and copper; and therefore 
if in combining they generated by their mutual attraction any 
such amount of energy, a mixture of zinc and copper filmgs would 
rush into combination (as the ingredients of gunpowder do) on 
bemg heated enough m any small part of the whole mass to melt 
together there Hence we may infer that the electric attraction 
between metallically-connected plates of zinc and copper of only 
40ooioooo ^ centimetre thickness, at a distance of only 
4oooioooo ^ centimetre asunder musfc be greatly less than that 
calculated from the magnitude of the force and the law of its 
variation observed for plates of measurable thickness, at measur- 
able distances asunder In other words, plates of zmc and copper 
so thm as a four-hundred-millionth of a centimetre, and placed at 
as short a distance as a four-hundred-millionth of a centimetre 
from one another, form a mixture closely approaching to a molecular 
combination, if indeed plates so thin could be made without 
splitting atoms. 

Wishing to avoid complication, I have avoided hitherto noticing 
one important question as to the energy concerned in the electric 
attraction of metallically connected plates of zinc and copper. Is 
there not a change of temperature in molecularly thin strata of 
the two metals adjoinmg to the opposed surfaces, when they are 
allowed to approach one another, analogous to the heat produced 
by the condensation of a gas, the changes of temperature produced 
by the apphcation of stresses to elastic solids which you have 
investigated expenmentally, and the cooling effect I have proved 
to be produced by drawing out a liquid film which I shall have 
to notice particularly below f Easy enough experiments on the 
contact electricity of metals will answer this question. If the 
contact-difference diminishes oa the temperature is raised, it will 
follow from the Second Law of Thermodynamics, by reasoning 


Will you try thia experiment ? Yon would eaedy jaoike a^ood thing of it, 
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precisely corresponding with that which I applied to the hquid 
film m my letters to you of Febiuary 2 and February 3, 1868*, 
that plates of the two metals kept in metallic commumcation and 
allowed to approach one another will experience an elevation of 
temperature. But if the contact difference mcreases with tem- 
perature, the effect of mutual approach will be a lowering of 
temperature. On the former supposition, the diminution of 
mtnnsic energy m quantities of zinc and copper, consequent on 
mutual approach with temperature kept constant, will be greater, 
and on the latter supposition less, than I have estimated above. 
Till the requisite expenments are made, farther speculation on 
this subject is profitless but whatever be the result, it cannot 
m validate the conclusion that a stratum of goooioooo ^ centi- 
metre thick cannot contain m its thickness many, if so much as 
one, molecular constituent of the mass. 

Besides the two reasons for limitmg the smallness of atoms or 
molecules which I have now stated, two others are affonled by 
the theory of capillary attraction, and Clausiuses and Maxwell’s 
magnificent working out of the Kmetic theoiy of gases. 

In my letters to you already referred to, I showed that the 
dynamic value of the heat required to prevent a bubble from 
coolmg when stretched ]s rather more than half the work spent 
in stretchmg it Hence if we calculate the work required to 
stretch it to any stated extent, and multiply the result by f , we 
have an estimate, near enough for my present purpose, of the 
augmentation of energy experienced by a hquid film when stretched 
and kept at a constant temperature. Taking 08 of a gramme 
weight per centimetre of breadth as the capillary tension of a 
surface of water, and therefore T6 as that of a water bubble, 
I calculate (as you may verify easily) that a quantity of water 
extended to a thinness of 2 oooioooo ^ centimetre would, if its 
tension remained constant, have more energy than the same mass 
of water in ordinary condition by about 1,100 times as much as 
suflBces to warm it by V Cent, This is more than enough (as 
Maxwell suggested to me) to drive the hquid into vapour, Hence 
if a film of - aoi FTy iiQ TRR ) ' ^ centimetre thick can exist as liquid at 
all, it IS perfectly certain that there cannot be many molecules in 
Its thickness. 


Proceedings of the Boyal Society for April, 1868, 
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The argument from the Eanetic theory of gases leads me to 
quite a similar conclusion. 

I need not trouble you with it at present, as I am writing a 
short sketch of those of the results of Maxwell and Clausius which 
I use m it, to form part of an article on the Si 25 e of Atoms for 
Nature, 


On the Size of Atoms. 

[From Nature^ Vol i March 31, 1870, pp, 651 — 653, Amer, Jouni, Sou 
7ol L. 1870, pp. 38 — 44 Beprmted m Thomson and Tait’s Natural 
Philosophy^ Part ii. pp. 495 — 602.] 

The idea of an atom has been so constantly associated with 
mcredible assumptions of infinite strength, absolute rigidity, 
mystical actions at a distance, and indivisibility, that chemists and 
many other reasonable naturalists of modem times, losing all 
patience with it, have dismissed it to the realms of metaphysics, 
and made it smaller than “anything we can conceive” But if 
atoms are mconceivably small, why are not all chemical actions 
infinitely swift? Chemistry is powerless to deal with this question, 
and many others of paramount importance, if barred by the hardness 
of its fundamental assumptions, from contemplating the atom as a 
real portion of matter occupying a finite space, and forming a not 
immeasurably small constituent of any palpable body. 

More than thirty years ago naturalists were scared by a wild 
proposition of Oauchy^s, that the familiar prismatic colours proved 
the “sphere of sensible molecular action'^ in transparent liquids 
and solids to be comparable with the wave-length of light. The 
thirty years which have intervened have only confirmed that 
proposition. They have produced a large number of capable 
judges; and it is only incapacity to judge in dynamical questions 
that can admit a doubt of the substantial correctness of Cauchy’s 
conclusion. But the “sphere of molecular action” conveys no very 
clear idea to the non-mafchematicsal mind The idea which it 
conveys to the mathematical mind is, in my opinioni irredeemably 
falsa For I have no faith whoever in ati:?afetions and repulsions 
acting at a distance between of according to various 

K. V. ' . 10 
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laws What Oauch/s mathematics really proves is this, that iti 
palpably homogeneous bodies such as glass or water, contiguous 
portions are not similar when their dimensions are moderately 
small fractions of the wave-length. Thus in water contiguoun 
cubes, each of one one-thousandth of a centimetre breadth aru 
sensibly similar But contiguous cubes of one ten-millionth of a 
centimetre must be very sensibly different. So in a Holid mass 
of brickwork, two adjacent lengths of 20,000 centimetres each, may 
con tarn, one of them nme hundred and ninety-nine bricks and 
two half bricks, and the other one thousand bricks : thus two 
contiguous cubes of 20,000 centimetres breadth maybe considered 
as sensibly similar But two adjacent lengths of forty centimetres 
each might contain one of them, one brick, and two half bricks, 
and the other two whole bricks, and contiguous cubes of forty 
centimetres would be very sensibly dissimilar In short, optical 
dynamics leaves no alternative but to admit that the diameter 
of a molecule, or the distance from the centre of a molecule to the 
centre of a contiguous molecule in glass, water, or any other of 
our transparent liquids and solids, exceeds a ten-thousandth of 
the wave-length, or a two-hundied-millionth of a centimetre. 

By experiments on the contact electricity of metals made eight 
or ten years ago, and described m a letter to Dr Joule, which was 
published m the Proceedings of the Literary and Philosophical 
Society of Manchester, I found that plates of zinc and copper 
connected with one another by a fine wire attract one another, as 
would similar pieces of one metal connected with the two plates 
of a galvanic element, having about three-quarters of the electro- 
motive force of a Daniell’s element 

Measurements pubhshed in the Proceedings of the Rtjyal 
Society for 1860 showed that the attraction between parallel 
plates of one metal held at a distance apart small in comparison 
with their diameters, and kept connected with such a galvanic 
element, would experience an attraction amounting to two ton- 
thousand-millionths of a gramme weight per area of the opposed 
surfaces equal to the square of the distance between them. Let 
a plate of zinc and a plate of copper, each a centimetre square 
and a hundred-thousandth of a centimetre thick, be placed with 
a corner of each touchmg a metal globe of a hundred^thouaandth 
of a centimetre diameter. Let the plates, kept thus in metallic 
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coramunication with one another be at first wide apart, except at 
the corners touching the little globe, and let them then be gradually 
turned round till they are parallel and at a distance of a himdred- 
thousandth of a centimetre asunder. In this position they will 
attract one another with a force equal in all to two grammes 
weight. By abstract dynamics and the theory of energy, it is 
readily proved that the work done by the changing force of 
attraction during the motion by which we have supposed this 
position to be reached, is equal to that of a constant force of two 
grammes weight acting through a space of a hundred-thousandth 
of a centimetre , that is to say, to two hundred-thousandths of a 
centimetre gramme Now let a second plate of zinc be brought 
by a similar process to the other side of the plate of copper , a 
second plate of copper to the remote side of this second plate of 
zinc, and so on till a pile is formed consisting of 50,001 plates of 
zinc and 60,000 plates of copper, separated by 100,000 spaces, 
each plate and each space one hundred-thousandth of a centimetre 
thick. The whole work done by electric attraction in the formation 
of this pile is two centimetre grammes. 

The whole mass of metal is eight grammes. Hence the amount 
of work IS a quarter of a centimetre-gramme per gramme of metal 
Now 4,030 centimetre-grammes of work, according to Joule’s 
dynamical equivalent of heat is the amount required to wann a 
gramme of zinc or copper by one degree Centigrade. Hence the 
work done by the electric attraction could warm the substance by 
only tirbi 7 ^ degree. But now let the thickness of each piece 
of metal and of each intervening space be a hundred-millionth of 
a centimetre instead of a hundred-thousandth. The work would 
be mcreased a millionfold unless a hundred-millionth of a centi- 
metre approaches the smallness of a molecule. The heat equivalent 
would therefore be enough to raise the temperature of the 
material by 62° 0, This is barely, if at all, admussible, according 
to our present knowledge, or, rather, want of knowledge, regarding 
the heat of combination of zinc and copper. But suppose the 
metal plates and intervening spaces to be made yet four times 
thinner, that is to say, the thiokjiess of each to bo a four hundred 
millionth of a centimetre. The and its heat equivalent 
will be increasGci sirbeeu-foldi It iJ^ould therefore be &&0 times 
as much as that required to 1^ 1? C3ent., which 

is very much more than can poseih%^^‘^J?«dueed by^ztoc and 
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copper m entenng into molecular combination Were thoro in 
reality anything like so much heat of combination as this, a mixtim* 
of zmc and copper powders would, if melted m any one spot, run 
together, gen eratmg more than heat enough to melt each thiough- 
out, just as a large quantity of gunpowder if ignited m any one 
spot burns throughout without fresh application of heat. Hence 
plates of zinc and copper of a three hundred-millionth of a centi- 
metre thick, placed close together alternately, form a* near 
approximation to a chemical combination, if indeed such thin 
plates could be made without splitting atoms. 

The theory of capillary attraction shows that when a bubble — 
a soap-bubble for instance — is blown larger and larger, work iB 
done by the stretchmg of a film which resists extension as if it 
were an elastic membrane with a constant contractile force. Thirt 
contractile force is to be reckoned as a certain number of unitB 
of force per umt of breadth. Observation of the ascent of wator 
m capiUaiy tubes shows that the contractile force of a thm film 
of water is about sixteen milligrammes weight per millimetro of 
breadth. Hence the work done in stretching a water film to any 
degree of thmness, reckoned in millimetre-milligrammes, is equal 
to sixteen times the number of square millimetres by which tho 
area is augmented, provided the film is not made so thin that there 
IS any sensible diminution of its contractile force. In an article 
'On the Thermal effect of drawmg out a Film of Liquid,’^ published 
m the Proceedings of the Royal Society for April 1868, 1 have 
proved from the second law of thermodynamics that about half as 
much more energy, m the shape of heat, must be given to the 
film to prevent it from smking m temperature while it is being 
drawn out Hence the intrinsic energy of a mass of water in the 
shape of a film kept at constant temperature increases by twenty- 
four millimetre-milligrammes for every square millimetre added 
to its area. 

Suppose then a film to be given with a thickness of a milli- 
metre, and suppose its area to be augmented ten thousand and 
one fold, the work done per square millimetre of the original 
film, that IS to say per milligramme of the moss, would be 240,000 
imllunetre-milUgrammes. The heat equivalent of this is more 
th^ half a degree Centigrade of elevation of temperature of the 
substance. The thickness to which the film is reduced on this 
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supposition IS very approximately a ten-thousandth of a millimetre. 
The commonest observation on the soap-bubble (which m con- 
tractile force differs no doubt very little from pure water) shows 
that there is no sensible dimmution of contractile force by reduction 
of the thickness to the ten-thousandth of a millimetre , inasmuch 
as the thickness which gives the first maximum brightness round 
the black spot, seen where the bubble is thinnest, is only about an 
eight-thousandth of a millimetre 

The very moderate amount of work shown in the preceding 
estimates is quite consistent with this deduction But suppose 
now the film to be farther stretched until its thickness is reduced 
to a twenty-millionth of a millimetre The work spent in domg 
this 18 two thousand times more than that which we have just 
calculated. The heat equivalent is 1,130 times the quantity 
required to raise the temperature of the liquid by one degree 
Centigrade. This is far more than we can admit as a possible 
amount of work done in the extension of a liquid film. A smaller 
amount of work spent on the liquid would convert it into vapour 
at ordinary atmosphenc pressure The conclusion is unavoidable, 
that a water-film falls off greatly in its contractile force before it 
is reduced to a thickness of a twenty-millionth of a millimetre. 
It IS scarcely possible, upon any conceivable molecular theory, that 
there can be any considerable fallmg off in the contractile force 
as long as there are several molecules in the thickness- It is 
therefore probable that there are not several molecules in a 
thickness of a twenty-millionth of a nullimetre of water- 

The kinetic theory of gases suggested a hundred years ago by 
Daniel Bemouilli has, during the last quarter of a century, been 
worked out by Herapath, Joule, Clausius, and Maxwell, to so 
great perfection that we now find in it satisfactory explanations 
of all non-chemical properties of gases. However difficult it may 
be to even imagine what kind of thing the molecule is, we may 
regard it as an established truth of science that a gas consists of 
moving molecules disturbed from rectilineal paths and constant 
velocities by collisions or mutual influences, so rare that the 
mean length of nearly rectilineal portions of the ]^th of each 
molecule is many times greater than the clvbrage distance from 
the centre of each molecule to the centi;e cff the mplecnle nearest 
it at any time. If, for a moment, we ‘Silplipie tjip 'molecules to be 



294 MOLECULAR AND CRYSTALLINE THEORY [163 

hard elastic globes all of one size, influencing one another only 
thiough actual contact, we have for each molecule simply a zigzag 
path composed of rectilineal portions, with abrupt changes of 
direction. On this supposition Clausius proves, by a simple 
application of the calculus of probabilities, that the average length 
of the free path of a particle from collision to collision bears to 
the diameter of each globe, the ratio of the whole space in which 
the globes move, to eight times the sum of the volumes of the 
globes. It follows that the number of the globes m umt volume 
IB equal to the square of this ratio divided by the volume of a 
sphere whose radius is equal to that average length of free path. 
But we cannot believe that the individual molecules of gases in 
general, or even of any one gets, are hard elastic globes. Any two 
of the moving particles or molecules must act upon one another 
somehow, so that when they pass very near one another they shall 
produce considerable deflexion of the path and change in the 
velocity of each. This mutual action (called force) is different at 
different distances, and must vary, according to variations of the 
distance so as to fulfil some definite law. If the particles were 
hard elastic globes acting upon one another only by contact, the 
law of force would be — zero force when the distance fi'om centre 
to centre exceeds the sum of the radii, and mfinite repulsion for 
any distance less than the sum of the radii This hypothesis, 
with its '^hard and fast” demarcation between no force and infinite 
force, seems to require mitigation, Without entering on the 
theory of vortex atoms at present, I may at least say that soft 
elastic solids, not necessarily globular, are more promising than 
infinitely hard elastic globes. And, happily, we are not left 
merely to our fancy as to what we are to accept for probable in 
respect to the law of force, If the particles were hard elastic 
globes the average time from colhsion to collision would be inversely 
as the average velocity of the particles. But Maxwell’s experi- 
ments on the variation of the viscosities of gases with change of 
temperature prove that the mean time from collision to collision 
is independent of the velocity if we give the name collision to 
those mutual actions only which produce something more than a 
certedn specified degree of deflection of the line of motion. This 
iaiv Qonld be fulfilled by soft elastic particles (globular or not 
3 hpi, as we have seen, not by hard elastic globes. Such 

' - " h^W^v^ef, are beyond the scope of our present argument, 

1 1 1 I ; f I ^ ; f j ^ > 
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What we want now is rough approximations to absolute values, 
whether of time or space or mass — not dehcate differential results 
By Joule, Maxwell, and Clausius we know that the average velocity 
of the molecules of oxygen or nitrogen or common air, at ordinary 
atmospheric temperature and pressure, is about 60,000 centimetres 
per second, and the average time from collision to collision a five- 
thousand-millionth of a second. Hence the average length of 
path of each molecule between collisions is about ^ centi- 

metre Now, having left the idea of hard globes, according to 
which the dimensions of a molecule and the distmction between 
collision and no collision are perfectly sharp, something of apparent 
circumlocution must take the place of these simple terms 

First, it is to be remarked that two molecules in collision 
will exercise a mutual repulsion in virtue of which the distance 
between their centres, after being diminished to a minimum, will 
begin to increase as the molecules leave one another. This 
minimum distance would be equal to the sum of the radn, if the 
molecules were infinitely hard elastic spheres , but in reality we 
must suppose it to be very different in different colhsions. 
Considering only the case of equal molecules, we might, then, 
define the radius of a molecule as half the average shortest distance 
reached in a vast number of collisions. The definition I adopt 
for the present is not precisely this, but is chosen so as to make 
as simple as possible the statement I have to make of a combination 
of the results of Clausius and Maxwell Having defined the radius 
of a gaseous molecule, I call the double of the radius the diameter; 
and the volume of a globe of the same radius or diameter I call 
the volume of the molecule, 

The experiments of Cagniard de la Tour, Faraday, Begnault, 
and Andrews, on the condensation of gases do not allow us to 
beheve that any of the ordinary gases could be made forty thousand 
times denser than at ordinary atmospheric pressure and tempera- 
ture, without reducing the whole volume to something less than 
the sum of the volumes of the gaseous molecules, as now defined. 
Hence, according to the grand theorem qf Clausius quoted above, 
the average length of path from collision to collision cannot be 
more than five Hiousand times the diameter of the gaseous 
molecule; and |he fiqmb^bf ’molecule m unit of volume cannot 
exceed t^e yolume of a globe whose 
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radius is that average length of path Taking now the preceding 
estimate, looVoo ^ centimetre, for the average length of path 
from collision to collision we conclude that the diameter of the 
gaseous molecule cannot he less than ^000^0000 centimetre, 
nor the number of the molecules in a cubic centimetre of the gas 
(at ordmaiy density) greater than 6 x 10 ^^ (or six thousand million 
million milbon). 

The densities of known liquids and solids are from five hundred 
to sixteen thousand times that of atmospheric air at ordinary 
pressure and temperature, and, therefore, the number of molecules 
in a cubic centimetre may be from 3 x 10 ^ to 10 “ (that is, from 
three million milhon million million to a hundred milhon million 
million million) From this (if we assume for a moment a cubic 
arrangement of molecules), the distance from centre to nearest 
centre in solids and liquids maybe estimated at from 1400^0000" 

40 00 io 000 of a centimetre, 

The four lines of argument which I have now mdicated lead 
all to substantially the same estimate of the dimensions of 
molecular structure Jointly they establish with what we cannot 
but regard as a very high degree of probability the conclusion 
that, m any ordinary liquid, transparent sohd, or seemingly opaque 
solid, the mean distance between the centres of contiguous mole- 
cules is less than the hundred-millionth, and greater than the two 
thousand-millionth of a centimetre. 

To form some conception of the degree of coarse-gramedness 
indicated by this conclusion, imagine a rain drop, or a globe of 
glass as large as a pea, to be magnified up to the size of the earth, 
each constituent molecule bemg magnified in the same proportion. 
The magnified structure would be coarser grained than a heap of 
small shot, but probably less coarse grained than aheap of cncket- 
balls. 


164 , On the Size of Atoms. 

[From Bjoy Imtitut JProc, YoL x 1884 [Feb 2, 1883], pp. 186 — 213 ; NcUure^ 
Yol xxvm Jime 28, 1883, pp 203—206, July 12, 1886, pp. 260 — 264, 
July 19, 1883, pp 274 — 278 Beprmted in Poplar YoL i 

pp. 147—217 ] 



1887] 


( 297 ) 


166. On the Division of Space with Minimum 
Partitional Area. 

[From Mag Yolxxiv Deo 1887, pp 603—614, Acta Math 
YoL XI 1887-1888, pp. 121—134] 

1. This problem is solved in foam, and the solution is interest- 
ingly seen in the multitude of film-enclosed cells obtained by 
blowmg air through a tube into the middle of a soap-solution in a 
large open vessel. I have been led to it by endeavours to under- 
stand, and to illustrate, Green’s theory of '^extraneous pressure” 
which gives, for light traversing a crystal, Fresnel’s wave-surface, 
with Fresnel’s supposition (strongly supported as it is by Stokes 
and Rayleigh) of velocity of propagation dependent, not on the 
distortion normal, but solely on the line of vibration. It has been 
admirably illustrated, and some elements towards its solution 
beautifully realised in a manner convement for study and instruc- 
tion, by Plateau, m the first volume of his Stahqice des Liquides 
soumis auoo sevdea Forces MoUculaires. 

2. The general mathematical solution, as is well known, is 
that every interface between cells must have constant curvature* 
throughout, and that where three or more interfaces meet in a 
curve or straight Ime their tangent-planes through any point of 
the line of meeting intersect at angles such that equal forces in 
these planes, perpendicular to their Ime of intersection, balance. 
The mimrmeo problem would allow any number of interfaces to 
meet m a line; but for a pure minimum it is obvious that not 

* By ourvaWre ” pf ft erurfac^ I mean sma of oupvatares in mntuftUy perpen- 
dioalar aonaal fiecfionfl fti any pomt j no# ^‘oumtura mtogrft,” which is 

the product of the crarvatopo in the two ‘♦jjfi^clpal normal or aeotions of 

greatest and iSoa Thomlo^ Bart i. 

§§ 130, las,) ^ J } - , 
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more than three can meet in a hne, and that therefore, in the 
realisation by the soap-film, the equilibrium is necessarily unstable 
if four or more surfaces meet m a hne This theoretical conclusion 
IS amply confirmed by observation, as we see at every intersection 
of films, whether interfacial in the intenor of groups of soap- 
bubbles, large or small, or at the outer bounding-surface of a group, 
never more than three films, but, wherever there is intersection, 
always jitst three films, meetmg m a line. The theoretical con- 
clusion as to the angles for stable equilibrium (or pure minimum 
solution of the mathematical problem) therefore becomes, simply, 
that every angle of meetmg of film-surfaces is exactly 120°. 

3, The rhombic dodecahedron is a polyhedi'on of plane sides 
between which every angle of meeting is 120°, and space can 
be filled with (or divided into) equal and similar rhombic dodeca- 
hedrons Hence it might seem that the rhombic dodecahedron 
IS the solution of our problem for the case of all the cells equal 
in volume, and every part of the boundary of the group either 
mfimtely distant from the place considered, or so adjusted as not 
to interfere with the homogeneousness of the mterior distribution 
of cells. Certamly the rhombic dodecahedron %s a solution of the 
mimmax, or equihbrium-problevi , and certain it is that no other 
plane-sided polyhedron can be a solution. 

4. But it has seemed to me, on purely theoretical consideration, 
that the tetrahedral angles of the rhombic dodecahedron*, givmg, 
when space is divided into such figures, twelve plane films meetmg 
m a point (as twelve planes from the twelve edges of a cube 
meetmg m the centre of the cube) are essentially unstable That 
it is so is proved expenmentally by Plateau (Vol. I, § 182, fig *71) 
m his well-known beautiful experiment with his cubic skeleton 
frame dipped m soap-solution and taken out. His fig. 71 is re- 
produced here m fig, 1. Instead of twelve plane films stretched 


* The rhombic dodecahedron has six tetrahedral angles and eight trihedral 
angles At each tetrahedral angle the plane faces cut one another successively at 
120°, while each is perpendicular to the one remote from it , and the angle between 
successive edges is oo6“*i or 70° 32', The obtuse angles (109° 28') of the rhombs 
meet m the trihedral angles of the solid figure, The whole figure may be regarded 
as composed of six square pyramids, each with its alternate slant faces perpendi- 
cular to one another, placed on six squares forming the sides oi a ^ube. The long 
diagonal of each rhombic face thus made up of two sides of conterminous 

in the short diagonal, is ^2 times the short diagonal, 



i87] DIVISION OF SPACE WITH MINIMUM PABTITIONAL AREA 299 

wards from tho twelve edges and meeting in the centre of the 
be, it shows twelve films, of which eight 
e slightly curved and four are plane 
retched from the twelve edges to a small 
ntral plane quadrilatoml film with equal 
rved edges and four angles each of 
)<y 28'. Each of tho plane films la an 
)scolca trimigle with two equal curved 
ies meeting at a corner of the central 
irvilinoar square in a plane porpendi- 
liar to its plane. It is in the piano 
rough an edge and the centre of the 
ibe, Tho angles of this plane curvili- 
jar triangle are respectively 109° 28', at 
lc point of meeting of the two curvilinear 
des, and each of the two others half of 
lis, or 64° 44'. 

6. I find that by blowing gently upon 
le Plateau cube into any one of the 
^uare apertures through which the little central quadrilateral 
Lm is seen as a line, this film is caused to contract. If I stop 
[owing before it contracts to a point, it springs back to its 
umitive sijse and shape. If I blow still very gently but for a 
btle more time, the quadrilateral contracts to a point, and the 
velve films meeting in it immediately draw out a fresh little 
uadrilateral film similar to the former, but in a plane perpen- 
Lcular to its plane and to the direction of the blast. Thus, again 
id again, may the films be transformed so as to render the little 
mtral curvilinear square parallel to one or other of the three 
airs of square apertures of the cubic frame. Thus we see that 
le twelve plane films meeting in the centre of the cube is a 
mfiguration of unstable equilibrium which may be fallen from in 
iree different ways. 

6, Suppose now space to be filled with equal and similar 
leal rhombic dodecahedrons. Draw the short diagonal of every 
lombio face, and &k a real wire (infinitely thin and perfectly 
iff) along each. This fills space with Plateau cubic frames. 

* I it twelve filfiaa are ‘*14g^re^ 

ent oonrWe#.^* ' 
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Fix now, ideally, a very small iigid globe at each of the points 
of space occupied by tetrahedral angles of the dodecahedi'ons, and 
let the faces of the dodecahedrons be realised by soap-films They 
will be in stable equilibrium, because of the little fixed globes ^ 
and the equilibrium would be stable without the ngid diagonals 
which we require only to help the imagination in what follows 
Let an exceedingly small force, like giavity*, act on all the films 
everywhere perpendicularly to one set of parallel faces of the 
cubes If this force is small enough it will not tear away the 
films from the globes , it will only produce a very slight bending 
from the plane rhombic shape of each film Now annul the little 
globes The films will instantly jump (each set of twelve which 
meet in a point) into the Plateau configuration (fig. 1), with the 
little curve-edged square in the plane perpendicular to the deter- 
mining force, which may now be annulled, as we no longer require 
it The rigid edges of the cubes may also be now annulled, as we 
have done with them also, because each is (as we see by symmetry) 
pulled with equal forces in opposite directions, and therefore is 
not required for the equihbnum, and it is clear that the equilibrium 
is stable without meeting them*|* 

* To do for every point of meetmg of twelve films what is done by blowing m 
the experiment of § 6 

t The corresponding two-dimensional problem is much more easily imagined, 
and may indeed be realised by aid of moderately simple appliances 

Between a level surface of soap-solution and a horizontal plate of glass fixed at 
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7. We have now space divided into equal and similar tetra- 
kaidecahedral cells ^ by the soap-film, each bounded by 

(1) Two small plane quadrilaterals parallel to one another ; 

(2) Four large plane quadrilaterals in planes perpendicular to 
the diagonals of the small ones , 

(3) Eight non-plane hexagons, each with two edges common 
with the small quadrilaterals, and four edges common with the 
large quadrilaterals 

The films seen in the Plateau cube show one complete small 
quadrilateral, four halves of four of the large quadnlaterals, and 
eight halves of eight of the hexagons, belonging to six contiguous 
cells , all mathematically correct in every part (supposmg the film 
and the cube-frame to be infinitely thm) Thus we see all the 
elements required for an exact construction of the complete tetra- 
kaidecahedron. By making a clay model of what we actually see, 
we have only to complete a symmetrical figure by symmetrically 
completing each half-quadnlateral and each half-hexagon, and 
puttmg the twelve properly together, with the complete small 
quadrilateral, and another like it as the far side of the 14-faced 
figure. We thus have a correct sohd model 

8. Consider now a cubic portion of space containing a large 
number of such cells, and of course a large but a comparatively 
small number of partial cells next the boundary Wherever the 
boundary is cut by film, fix stiff wire , and remove all the film 
from outside, leavmg the cubic space divided stably into cells by 

a centimetre or two above it, imagine vertical film-partifeLons to be placed along the 
sides of the squares indicated in the drawing (fig 2) , these will rest m stable 
equilibrium if thick enough wires are fixed vertically through the corners of the 
squares Now draw away these wires downwards into the hqmd , the equilibrium 
in the square formation becomes unstable, and the films instantly run into the 
hexagoual formation shown m the diagram , provided the square of glass is pro- 
vided with vertical walls (for which shps of wood are convenient), as shown m plan 
by the black border of the diagram. These walls are necessary to maintain the 
inequality of pull m different directions which the inequality of the sides of the 
hexagons imphes By inspection of the diagram we see that the pull is Tja per 
unit area on either of the pair of vertical walls which are perpendicular to the short 
sides of the hexagons , and on either of the other pair of walla 2 cos 80° x T/a , 
where T denotes the pull of the film per unit breadth, and a the side of a square m 
the original formation Hence the ratio of the pulls per unit of area m the two 
prmoipal directions is as 1 to 1 732 

* The centres of these oeUs are m cubic order 
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films held out against their tension by the wire network thus 
fixed in the faces of the cube If the cube is chosen with its six 
faces parallel to the three pairs of quadrilateral films, it is clear 
that the resultant of the whole pull of film on each face will be 
perpendicular to the face, and that the resultant pulls on the two 
pairs of faces parallel to the greater quadnlaterals are equal to 
one another and less than the resultant pull on the pair of faces 
parallel to the smaller quadrilaterals. Let now the last-mentioned 
pair of faces of the cube be allowed to yield to the pull mwards, 
while the other two pairs are dragged outwards against the pulls 
on them, so as to keep the enclosed volume unchanged, and let 
the wirework fix;ture on the faces be properly altered, shrunk on 
two pairs of faces, and extended on the other pair of faces, of the 
cube which now becomes a square cage with distance between 
floor and ceiling less than the side of the square. Let the exact 
configuration of the wire everywhere be always so adjusted that 
the cells throughout the interior remain, m their altered configu- 
ration, equal and similar to one another We may thus dimmish, 
and if we please annul, the difference of pull per unit area, on the 
three pairs of sides of the cage. The respective sh rink age -ratio 
and extension-ratios, to exactly equalise the pulls per umt area 
on the three prmcipal planes (and therefore on aU planes), are 

2“! 2^^, 2^ as is easily seen from what follows, 

9. While the equalisation of pulls m the three principal 
directions is thus produced, work is done by the film, on the 
moving wire-work of the cage, and the total area of film is 
diminished by an amount equal to WjT, if W denote the whole 
work done, and T the pull of the film per unit breadth. The 
change of shape of the cage bemg supposed to be performed 
infinitely slowly, so that the film is always m equilibrium through- 
out, the total area is at each mstant a minimum, subject to the 
conditions 

(1) That the volume of each ceU is the given amount, 

(2) That every part of the wire has area edged by it, and 

(3) That no portion of area has any free edge. 

10. Consider now the figure of the cell (still of course a 
tetrakaidecahedron) when the pulls m the three principal 
directions are equalised, as described m § 8 It must be perfectly 
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isotropic in respect to these three directions Hence the pair of 
small quadrilaterals must have become enlarged to equality with 
the two pairs of large ones which must have become reduced, in 
the deformational process described in § 8. Of each hexagon 
three edges coincide with edges of quadrilateral faces of one cell , 
and each of the three others coincides with edges of three of the 
quadnlaterals of one of the contiguous cells. Hence the 36 edges 
of the isotropic tetrakaidecahedron are equal and similar plane 
arcs , each of course symmetrical about its middle point. Every 
angle of meeting of edges is essentially 109^ 28' (to make trihedral 
angles between tangent planes of the films meeting at 120*^) 
Symmetry shows that the quadrilaterals are still plane figures , 
and therefore, as each angle of each of them is 109"' 28', the 
change of direction from end to end of each arc-edge is 19° 28'. 
Hence each would be simply a circular arc of 19° 28', if its 
curvature were equal throughout; and it seems from the complete 
mathematical investigation of §§ 16, 17, 18 below, that it is nearly 
so, but not exactly so even to a first approximation* 

Of the three films which meet m each edge, m three adjacent 
cells, one is quadrilateral and two are hexagonal. 

11. By symmetry we see that there are three straight lines 
m each (non- plane) hexagonal film, being its three long diagonals , 
and that these three lines, and therefore the six angular points 
of the hexagon, are all in one plane. The arcs composing its 
edges are not m this plane, but m planes making, as we shall see 
(§ 12), angles of 64° 44' with it For three edges of each hexagon, 
the planes of the arcs bisect the angle of 109° 28' between the 
planes of the six comers of contiguous hexagons , and for the other 
three edges are inclined on the outside of its plane of corners, at 
angles equal to the supplements of the angles of 126° 16' between 
its plane of corners and the planes of contiguous quadrilaterals, 

12. The planes of corners of the eight hexagons constitute 
the faces of an octohedron which we see, by symmetry, must be a 
regular octohedron (eight equilateral triangles in planes inclined 
109° 28' at every common edge). Hence these planes, and the 
planes of the six quadrilaterals, constitute a plane-faced tetra- 
kaidecahedron obtained by truncating the six comers^ of a regular 

* Tliifl figure (tut wili probfttjy iidefinlte extents at truuoation ?) is given 
in boais oh lAintralogy k of &n oxide of copper. 

. ^ f ^ ^ ^ I i ' 
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octohedron each to such a depth as to reduce its eight original 
(equilateral triangular) faces to equilateral equiangular hexagons 
An orthogonal projection of this figure is shown m fig 3 It 
is to be remarked that space can be filled with such figures. 
For brevity we shall call it a plane-faced isotropic tetrakaide- 
cahedron 

13 Given a model of the plane-faced isotropic tetrakaideca- 
hedron, it is easy to construct approximately a model of the 
rmmmal tetrakaidecahedron, thus — Place on each of the six 
square faces a thm plane disk having the proper curved arcs of 
19° 28' for its edges Draw the three long diagonals of each 
hexagonal face Fill up by little pieces of wood, properly cut, 
the three sectors of 60° from the centre to the overhanging edges 
of the adjacent quadrilaterals. Hollow out symmetnoally the 
other three sectors, and the thing is done. The result is shown 
in orthogonal projection, so far as the edges are concerned, in 
fig 4, and as the orthogonal projections are equal and similar 


X X 

X X 

Fig 3. Fig 4 

on three planes at right angles to one another, this diagram 
sufiSces to allow a perspective drawing from any point of view to 
be made by “descriptive geometry.’* 

14 No shadmg could show satisfactorily the delicate curva- 
ture of the hexagonal faces, though it may be fairly well seen on 
the sohd model made as described in § 12 But it is shown 
beautifully, and illustrated in great perfection, by making a 
skeleton model of 36 wure arcs for the 36 edges of the complete 
figure, and dipping it m soap-solution to fill the faces with film, 
which IS easily done for all the faces but one. The curvature of 
the hexagonal film on the two sides of the plane of its six long 
diagonals is beautifully shown by reflected bght. I have made 
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these 36 arcs by cutting two circles, 6 inches diameter, of stiff 
wire, each into 18 parts of 20° (near enough to 19° 28') It is 
easy to put them together in proper positions and solder the 
corners, by aid of simple devices for holding the ends of the three 
arcs together in proper positions dunng the soldering. The 
circular curvature of the arcs is not mathematically correct, but 
the error due to it is, no doubt, hardly perceptible to the eye 

15 But the true form of the curved edges of the quadri- 
lateral plane films, and of the non-plane surfaces of the hexagonal 
films, may be shown with mathematical exactness by taking, 
instead of Plateau’s skeleton cube, a skeleton square cage with 
four parallel edges each 4 centimetres long and the other eight, 
constituting the edges of two squares each \J2 times as long, or 

I 




Fig 5 Fig. 6. 


5*66 centim Dipped in soap-solution and taken out it always 
unambiguously gives the central quadrilateral in the plane per- 
pendicular to the four short sides It shows with mathematical 
accuiacy (if we suppose the wire edges infinitely thin) a complete 
quadnlateral, four half- quadrilaterals, and eight half-hexagons of 
the miminal tetrakaidecahedron The two principal views are 
represented in figs 6 and 6 

16 The mathematical problem of calculating the forms of 
the plane arc-edges, and of the curved surface of the hexagonal 
faces, is easily carried out to any degree of approximation that 

90 


K. V 
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may be desired , though it would be very laborious, and not worth 
the trouble, to do so further than a first approximation, as given 
in § 17 below. But first let us state the rigorous mathematical 
problem, which by symmetry becomes narrowed to the con- 
sideration of a 60° sector BCB of our non-plane hexagon, bounded 
by straight lines CB, OB', and a slightly curved edge BEB', in a 
plane, Q, through BB', inclined to the plane BOB' at an angle of 
tan~V2, or 54° 44'. The plane of the curved edge I call Q, 
because it is the plane of the contiguous quadrilateial The 
mathematical problem to be solved is to find the surface of zero 
curvature edged loy BOB' and cutting at 120° the plane Q all along 
the interseotional curve (fig. 7). It is obvious that this problem 



is determinate and has only one solution. Taking OA for axis 
of m, and z perpendicular to the plane BOB', and regarding z 
as a function of w, y, to be determined for finding the form 
of the surface, we have, as the analytical expression of the 
conditions 


d’‘z 

dcc^ 



dx dy dwdy "** dy* V'*' 


+ 


da^) 


.0 ...( 1 ); 
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■where z = (a — a))>/2 



17. The required surface deviates so little from the plane 
BOB' that we get a good approximation to its shape by neglecting 
dz^jda?, dzjdso.dzjdy, and dz^jd^, m (1) and (2), which thus 
become 


and 


V»£r = 0 

— = ^ — V'f = '094736, where (o~a—zl\l2 


.( 3 ). 

..(4), 


V“ denoting {djdaif + (d/d^y. The general solution of (3), m polar 
coordinates (r, <j>) for the plane (a?, y), is 

2 {A cos m</> + B sin m^) r™ (6), 


where A, B, and m are arbitrary constants. The symmetry of 
our problem requires B — 0, and w = 3.(2f4-l), where i is any 
mteger. We shall not take more than two terms. It seems not 
probable that advantage could be gained by taking more than 
two, unless we also fall back on the rigorous equations (1) and (2), 
keeping dzl^lda^ &c. m the account, which would require each 
coefficient A to be not ngorously constant but a function of r. 
At all events we satisfy ourselves with the approximation yielded 
by two terms, and assume 

.2 = Ar’cos3^ + A.'r*oo3 9'^ (6); 


with two coefficients A, A! to be determined so as to satisfy (4) 
for two points of the curved edge, which, for simphcity, we shall 
take as its middle, A' » 0) , and end, £ (<;6 « 30°). Now remark 
that, as ^ IS small, even at E, where it is greatest, we have, m (4), 
w = aoTr = aeeo^. Thus, and substituting for dz/dai its expression 
in polar (r, <l>) coordinates, which is 


dz 

ds> 


ds 

dr 


, dz . , 


(n 


we find, from (4) with (6), 
(by case ^ = 0) 


+ ( 8 ), 


(and by case fa 80') ' f . .(9) ; 

: . i ' i ? i' ' 
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whence 

■4'= -ix-jfrx 031578 a-«=-9 x 0001736. 

= - - 001561 .( 1 - 8 , 

i (3 - -M) X 031678 . a-8 = 209 x -0001736 . a-^ 

= 036261. a-“, 

and for required equation of the surface we have (taking ci = 1 for 
brevity) 

^ = 03626 . coa 36 - 001561r« coa 96 I 
= 03626 . (cos 3^ - 043 . cos 9(^) J ^ 

‘18 To find the equation of the curved edge BEB\ take, as 
in (4), 

^ = 1 — = 1 ~ where ^ denotes (11). 

Substituting in this, for z, its value by (10), with for r its approxi- 
mate value sec </>, we find 

f ^ (‘03626 sec® cos 001561 Bec®(j!>cos 90),,.(12) 

as the equation of the orthogonal projection of the edge, on the 
plane BGF, with 

AN — and NP=^ (13). 

The diagram was drawn to represent this projection roughly, as a 
circular arc, the projection on BOF of the circular arc of 20“ in 
the plane Q, which, before making the mathematical investigation, 
I had taken as the form of the aye-edges of the plane quadrilaterals. 
This would give, of GA, for the sagitta, AE; which we now see is 
too great. The equation (12), with y = 0, gives for the sagitta 

AE= 024ixGA (14), 

or, say, of GA, The curvature of the projection at any point- 
IS to be found by expressing sec® </> cos 3</) and sec® </> cos 9(^ in 
terms of y — tanc^ and taking d^/dy^ of the result. 

By taking \/(3/2) instead of ^/{l/2) in (12), we have the equation 
of the arc itself m the plane Q, 

19. To judge of the accuracy of our approximation, let us find 
the greatest inclination of the surface to the plane BGB\ For 
the tangent of the inclination at (r, ^) we have 

/dz^ dz^ 1 

[d? (1 - 2 X 129 .r® cos Qcf> + 129®r^®)i . .(16). 
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Th(> gre.ifc('Htr value's of this will bo foiiuil af iho ciuvod bounding 
edge, for which ?' = aGc <j>. Thus wo find 

/dz^ 1 

I = •0948, and therefore inclination = 5" 26' at j&'l 
I =-1894, „ „ =10M4'atiJj 

Honco wo s(ie that the inaccuracy due to neglecting the 
fl(}naro of the tangent of the inclination in tho mathematical 
work cannot he large. The exact value of the inclination at E 
in V2)“^120^ or B° 16', which is leas by 9' than its value 

by (1(5). 
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166 Molecular Constitution of Matter. 

[From Edinh Roy Soc Proc VoL xvi [read July 1 and 15, 1889], pp 693 — 
724 Reprinted in Math, and Phys Papefi^s,^ Yol in art, xcvii 
pp 395—427] 


167. On the Moduluses of Elasticity in an Elastic 
Solid according to Boscovioh’s Theory. 

[From Edinh Math, Soc,^ Feb 1890, not printed^ but substance of the paper 
IS ua Edinh Roy Sog, Proc Yol xvi pp. 693 — 724 Reprinted in Math, 
and Phys Papefra^ YoL in art xcvii pp. 423 — 427. Continuation in 
Ko 176 infra ] 


168. On the Molecular Tactics of a Crystal. 

\The Robert Boyle Lecture, delivered before the Oxford University 
Junior SdenUfic Club, May 16 , 1893 .] 

[Reprinted in Baltimore Lectures, Appendix H, pp. 602 — 642, 1904.] 


169. On the Elasticity op a Crystal according 
TO Bosoovich. 

[From Roy, Boo Proc. Yol tiv. 1894 [June 15, 1893], pp, 59—75 , Phil, May, 
YoL xxivr Nov, 1893, pp. 414 — 430. Reprint^ in Baltimore Leoturea, 
Appendix I, 1904, pp 643—661.] 
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170. On the Piezo-electbio Property of Quartz 

[From Brit, Assoc, Report^ 1893, p. 691 [title only] , Phil Mag, Yol xxxvi 
pp 331 — 342, Oct 1893, and p. 384, Nov 1893; Bum Ehc, Yol l. Oct 7, 
1893, pp 37—41, and Nov 4, 1893, pp 236, 237 ] 

1. In the present communication we are not concerned with 
the eix-sided pyramid, or planes parallel to the sides of a six- 
sided pyramid, seen at the ends of a quartz crystal farthest from 
the matrix. Nor are we concerned with the transverse stnse 
generally seen on the sides of the prism, which are undoubtedly 
steps (probably having faces parallel to the faces of the terminal 
pyramid) by which the prism becomes less in transverse section 
from the matrix outwards. We shall consider only a perfect, and 
therefore an unstriated, hexagonal prism. The sides of the pnsm 
may be, and generally are, unequal in nature but the angles are 
all exactly 120°. For simpheity of reference to the natural 
crystalline form, I shall suppose the prism to be equilateral, which 
it may be in nature ; as well as equiangular, which it must be. 
Thus we have three planes of symmetry, which for brevity I shall 
call the diagonal planes, being planes through the opposite edges 
of the prism. We have also three other planes of symmetry, 
which for brevity I shall call the normal planes, bemg planes 
perpendicular to the pairs of parallel faces 

2. In the brothers J. and P. Oune’s beautiful instrument for 
showing their discovery of the piezo-eleotric property of quartz, 
a thin plate of the crystal about half a millimetre thick, I believe, 
is taken from a position with its sides parallel to any of the three 
normal planes of symmetry ; its length perpendicular to the faces 
of the prisms, and its breadth parallel to the edges. The sides 
of this plate are, through nearly all thefr length, silvered by the 
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chemical process to render them conductive*, and are metallically 
connected with two pairs of quadrants of my quadrant electro- 
meter. I find that the effect is also well shown by my portable 
electrometer j the two sides of the quartz plate being connected 
respectively to the outer case, and the msulated electrode, of the 
electrometer In an instrument which has been made for me 
under Mr Curie's direction, the silvered part of the plate is 7 cent- 
metres long and 1*8 broad A weight of 1 kilogramme hung upon 
the plate placed with its length vertical causes one side to become 
positively electrified and the other negatively 

3. A plate parallel to any one of the three normal planes of 
symmetry will give the same result, of transverse electro- 
polarization, but a plate cut parallel to any one of the three 
diagonal planes of symmetry will give no result m the mode of 
experimenting descnbed in § 2 But with its sides unsilvered it 
would, if properly tested, show positive electrification at one end 
and negative at the other when stretched longitudinally, as we 
see by the hypothesis, and theoretical considerations which I now 
proceed to explain, and by § 11 below without any hypothesis, 

4. Electric eolotropy of the molecule, and nothing but electric 
eolotropy of the molecule, can produce the observed phenomena. 
The simplest kind of electric eolotropy which I can imagine is as 
follows . — For brevity I shall explam it in relation to the chemical 
constitution which, according to present doctrine, is one atom of 
silicon to two atoms of oxygen. The chemical molecule may be 
merely SiOa for silica m solution or it may consist of several 
compound molecules of this type, grouped together but it seems 
certain that, in crystallized silica (in order that the crystal may have 
the hexagonally eolotropic piezo-electric property which we know it 
has) the crystalhne molecule must consist of three SiOa molecules 
clustered together , or must be some configuration of three atoms 
of sihcon and three double atoms of oxygen combined, As a ready 
and simple way of attaining the desired result, take a cluster of 
three atoms of silicon and three double atoms of oxygen placed 
at equal distances of 60'' m alternate order, silicon and oxygen, on 
the circumference of a circle. 

The diagram, fig 1, shows a crystalline molecule of this kmd 

* For a desonption and drawing of this part of tReir instrument, given by the 
brothers Ourre, see Appendix to the present paper 
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I sun'ounded by six neaiest neighbours in a plane perpendicular t( 

I the axis of a quartz crystal. Each silicon atom is represented bj 

j 4- (plus) and each oxygen double atom by — (minus). The con 

) stituents of each cluster must be supposed to be held togethe 

^ in stable equilibrium in virtue of their chemical afSnities Th< 

different clusters, or crystalline molecules, must be supposed to b< 
relatively mobile before taking positions in the formation of i 

A A 








V V 

Fig. U 

crystal. But we must suppose, or we may suppose, the mutu 
forces of attraction (or chemical affinity), between the silicon 
one crystalline molecule and the oxygen of a neighbouring cryste 
line molecule, to be influential in determining the orientation^ 
each crystalline molecule, and in causing disturbance in the relati 
positions of |he atoms of each molecule, when the crystal is strain* 
by force applied from wi^ut. 
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6. Imagine now each double atom of oxygen to be a small 
negatively electrified particle, and each atom of silicon to be a 
particle electrified with an equal quantity of positive electricity. 


\ / \ / 

/©"& /©‘©s 

X>4 X f 

we ww 



Fig 2. 

Suppose now such pressures, positive and negative, to be appHed 
to the surface of a portion of crystal as shall produce a simple 
elongation in the direction perpendicular to one of the three sets 
of rows. This strain is mdioated by the arrow-heads m fig. 1, and 
is realized to an exaggerated extent in fig. 2. 
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This second diagram shows all the atoms and the centres of 
all the crystalline molecules in the positions to which they are 
brought by the strain. Both diagrams are drawn on the sup- 
position that the stiffness of the relative configuration of atoms 
of each molecule is slight enough to allow the mutual attractions 
between the positive atoms and the negative atoms of neighbouring 
molecules to keep them in lines through the centres of the 
molecules, as fig. 1 shows for the undisturbed condition of the 
system, and fig. 2 for the system subjected to the supposed 
elongation Hence two of the three diameters through atoms 
of each crystalline molecule are altered m direction, by the 
elongation, while the diameter through the third pair of atoms 
remains unchanged, as is clearly shown m fig 2 compared with 
fig. 1. 

6. Remark, first, that the rows of atoms, in lines through the 
centres of the crystalline molecules, perpendicular to the direction 
of the strain, are shifted to parallel positions with distances 
between the atoms in them unchanged. Hence the atoms m 
these rows contribute nothmg to the electrical effect. But, in 
parallels to these rows, on each side of the centre of each 
molecule, we find two pairs of atoms whose distances are 
diminished 

7. This produces an electric effect which, for great distances 
from the molecule, is calculated by the same formula as the 
magnetic effect of an infinitesimal bar-magnet whose magnetic 
moment is numerically equal to the product of the quantity of 
electricity of a single atom into the sum of the diminutions of the 
two distances between the atoms of the two pairs under con- 
sideration. Hence, denoting by N" the number of crystalbne 
molecules per umt bulk of the crystal, by b the radius of the 
circle of each crystalline molecule; by q the quantity of electricity 
on each of the six atoms or double-atoms, whether positive or 
negative; by ^ the change of direction of each of the two 
diameters through atoms which expenence change of direction ; 
and by /a the electric moment^ developed per umt volume of the 

* I do not know if tjufl designation h&s hitk^to nsed^ I introduce it 
wit^i preoi^ljrthe flame significance relatively to eleo^oity, as the well-known 
“ magnetic in reference to magnetifljn^. ' 
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crystal, by the strain which we have been considering and which 
is shown in fig. 2 , we have* 

= 46^ cos 30° = V3 (1) 

It IS of course understood that ^ is a small fraction of a radian. 

8. To test the suflSciency of our theory, let us first consider 
quantities of electricity which probably, we may almost say 
certamly, are present in the atoms in nature. 

Instead of the silicon atoms marked + m the diagram let us 
substitute globes of polished zinc; and instead of the double- 
oxygen atoms marked — let us substitute little globes of copper 
well oxidized (polished copper, heated in air till it becomes of a 
dark slate-colour). Let us suppose all the six atoms of each 
compound molecule to be metallically connected, and all the 
molecules insulated from one another We are not concerned 
with conceivable permeation of electricity by conductance through 
the crystal , and therefore we must suppose the total quantity of 
electricity on each crystallme molecule to be zero. Let the circle 
of each compound molecule in the diagram be a real exceedmgly 
thin stiff ring of metal, no matter what kmd of metal, and let 
each of the six atoms be a bead (a perforated spherule), whether 
of zinc or of copper, movmg fnctionlessly on it Thus we have, 
in idea, a working model of an electrically eolotropic crystalline 
molecule 

9. I have found by expenmentf that the difference of 
potentials in air, beside a polished surface of zinc and an oxidized 
surface of copper, is about 004 of a c.G S. electrostatic umt, 
provided the zmc and copper are metallically connected. Hence, 
if a be the radius of each spherule, we have approximately 
q^ 002 X a, because we shall suppose for simplicity that, except 
the infinitely thm ring on which it is movable, no spherule has 
any metal within a distance from it of less than two or three 
times its diameter. Let now 10®^ per cubic centimetre ; and 

let 6 be a quarter of \ that is to say, b — ^x lO^’' of a centi- 
metre, Lastly, to give defimteness to our example, let a = *2 x 6. 
Equation (1) becomes 

- 866^ (2) 

♦ It Bhonld be remarked that is of the second order [^]. 
t ElectrostaticB and Magnetum^ § 400, and eipenments not hitherto pubhshed, 
by another method, 
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K). From l,lio iidmirablo Hiatemunt of Messrs Cune of the 
f'suU of then measiiremeuts tiuoted m the Appendix of the 
2Hosont jxijK'r, 1 hud that a strotehmy force of 1 kilogiamme per 
square oeiitimctro, in their ex2)erimont described in § 2 above, 
liroduces an eh'ctric moment of •0()3 C.G.s. electrostatic 'reckoning 
js-r cubic (■.ent.inu^tre of tlu' crystal Thus about ^ of a O.G.S. unit 
ol elect.ric nuunent jHir cubic centimetre is jiroduccd by 6 kilo- 
grammes ])er square centimetre of stretching force; and this, 
according to (‘quation (2), rc(iuiro8 ^ to bo 1/2598, which is an 
amount of changt' of direction among atoms quite such as might 
bo ex{)i‘cted in pieces of crystal stretched by forces well within 
tin* limits of thenr strength. A rough mechanical illustration of 
the tlieory of electric atoms to account for the piezo-elcctric 
pntperties of crystals, is presented in an electrically working 
model of a iiiczo-electric jiile, submitted to Section A in a 
hoiiaiiite communication at the iiresont meeting of the British 
Association. 

11. I shall now prove, without any hypothetical assumption, 
tile statement at the end of § 3 above. Consider first a simple 
elongation perjiendiciilar to one of the three pairs of parallel sides 
of the hexagon in fig. 3, as indicated by the arrow-heads, A A AAA. A, 
in fig. 3. Suporimposc now two equal negative elongations, one 
of thorn in the direction of the original elongation, and the other 
in a direction perpendicular to it. These negative elongations, 
indicated by the twelve arrow-heads marked 0, constitute a 
condensation equal in all directions; which produces no change 
on the electrical effect of the first simple elongation. But it 
leaves us with a simple negative elongation in the direction 
perpendicular to that of the original positive elongation; which 
therefore alone produces the same effect as that which was 
produced by the original one alone. Thus we see that if elonga- 
tions perpendicular to the three pairs of parallel sides produce 
electro-polarizations with electric axis in each case perpendicular 
to the line of elongation, equal elongations in the directions 
of the diagonals produce eleotrio polarizations equal to those, 
but having their axes along the lines of elongation instead of 
perpendicular to them. 

12. Consider now two simple elongations in the directions 
shown by the awowrlieads A A, BJS, in fig. 4. These two elongations 
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produce electro-polarizations with axes and signs indicated by aa 
and bb respectively. The resultant of our present two simple 
elongations is clearly a dilatation equal in all directions in the 
plane of the diagram, compounded with a single simple elongation 
m the line KOK, bisecting the angle between them, and of 
magnitude equal to times the magnitude of each of them, as 
IS easily proved by the elementaiy geometry of strain Hence an 


A A 

A A 


/\ 

A 





Eig. 8. 


elongation in the direction K'OK does not produce zero of electric 
effect. In fact, there are no *^Axen fehlender Piezo-electricitat.^' 
The three axes so-called by Rontgen* are the lines of elongation 
in Curie’s expenment. Without sufficient consideration it might 
be imagined that the six: lines corresponding to K'OK m fig. 4 
are “ Axen fehlender Piezo-electncitat.” On the contrary, elonga- 

* Wiedemann’s Annalen^ 1888, Yol. xvm. p 216. 
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tion in the line K'OK produces an electro-polarization which is 
the resultant of the equal polarizations indicated by aa and 
and which, aa it bisects the angle 10 a, is in a line inclined at 45^ 
to OK the hne of the elongation In fact simple elongation in 
any direction perpendicular to the principal axis of a quartz 



crystal produces electro-polarization; and it is only when the lines 
of two simple elongabions are coincident with one another, or are 
perpendicular to one another, that the resultant of their electro- 
polarizations can be zero. 

13. A most important contribution to our knowledge of the 
electric properties of crystals has been made by Rbntgen^, and 
by Friedel and J, Curie f, in independent investigations proving 

♦ der Oberrh, Gea, /. Notuf- wtwi Vol. xxjr. [of date between 

December 1882 and April 80, 1888]. 

t BtiUstin de la S$ci4tS Min^raldgiqm de i;. p 2^2, Decembre 1882 ; 

find Convpm Bdndua of French Acade^iy Of SdCnceB, APiJil 80, and Kay U, 1888. 
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that the irregular electrifications of the corners of quartz crystals, 
which had been observed by many observers as consequences of 
heatings and of returns to lower tempeiatures, are wholly due to 
mechanical stresses developed by inequalities of tempeiature m 
different parts of the crystal Those phenomena aie therefore 
tiTily piezo-electnc, and are not at all “pyro-electric’" like the 
electric property of tourmaline which is due to change from one 
temperature to another, each the same throughout the crystal 
The very important and interesting discovery thus made by 
Kontgen and by Tnedel and Curie, is, as they have pointed out, 
available also to explain the perplexing and seemmgly paradoxical 
statements regarding positive and negative electrifications of 
comers and hemihedral facets at opposite ends of the four long 
diagonals of crystals of the cubic class, and of cubes of boracite, 
which had been given by previous observers and writers, and which 
have not yet disappeared from elementary treatises on Mineralogy, 
Electricity, and General Physics. 


Appendix. 

[Extract from a pamphlet pubhshed by the CmtmU de 

Produits Chimiques,^^ 42, 43 Rue des Ecoles, Pans.] 

Quartz Pi^zo-iJlectriqtie de MM. J. et P. CURIB. 

Get instrument se compose essentiellement d^une lame de 
quartz, sur laquelle on exerce des tractions k Taide de poids places 
dans un plateau Cette action mdcanique provoque un d^gage- 
ment d’61ectricit4 sur les faces de la lame. 

La lame de quartz ahc (fig 5) est mont^e solidement h ses 
extrdmit^s dans deux garnitures m4talliques H et £, Ella est 
suspendue, en AT, k la partie supdneure , elle soutient, k son tour, 
en B, k la partie inf^neure, le plateau et les poids, par Tinter- 
mddiaire dune tige raunie de crochets, 

L’axe optique du quartz est dirig4 honzontalement, suivant la 
largeur oJ de la lame Les faces sont normales k un des axes 
bmaires (ou axes dlectriques) du cristal On exerce les tractions 
dans le sens vertical, c'est-^-dire dans nne direction h* la fois 
normal e k Faxe optique et k Taxe 61ectrique. 

lies deux faces de la lame sont argent6es. 
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On a trace dans Targenture de chaque face deux tiaits fins, 
'nin, 77in\ qiii isolent des montures la plus 
grande partie de la surf^-ce On recueille 
Felectricit^, aur ces portions Isoldes, k Faide de 
deux lames de cuivre fajsant reaaort (?'?, rr), 
qui viennent s’appuyer sur les deux faces et 
commuuiquent avec les homes de lappareil 

Lorsque Ton place des poids dans le pla- 
teau, on piovoque le d4gagement de quantit4s 
d 41ectricit4 6galea et de signes contraires sur 
les deux faces de la lame. 

Lorsque Ton retire les poids, le di^gage- 
inent se fait encore, mais avec inversion des 
signes do ^lectricite d6gag6e sur chaque face. 

La quantity d'61ectricit4 d4gagee sur une 
face eat rigoureusement proportionnelle k la 
variation do traction F , — On a 

q = 0-063 - F 

L est la longueur mm' de la partie argent^e 
utilis^e. e est T^paisseur de la lame. ^ 

F est exprim6 en kilogrammes et q est donn6 en unites CG.S 
^lectrostatiquoB. 

On a done avantage, lorsque Ton veut avoir des efifets trfes 
sensibles, k prendre une lame longue dans le sens de la traction 
et pen 4paisse dans le sens de haxe 41ectnque La dimension 
parallMe de Taxe optique n'a pas d’influence sur la quantit4 
d’61ectricit6 d4gag4e*. 

La lame de quartz est plac4e dans une enceinte m^tallique 
desB^chtf'e. Cette cage m4tallique, toutes les pieces m6talliquea 
de Tinstrument et les montures de la lame de quartz sont mises 
en communication permanente avec la terre. 

Le module no. 2 comporte encore un commutateur et un levier 
qui sorb k soulever les plateaux et les poids. Nous reviendrons 
plus loin sur le r61e de ces organes. 



Double breadth, with doubled sti’etohiug force, would give double quantity 
K. V. 21 
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Since my commumcation of a shoi’t article “On a Piezo-olectric Pile” to 
the Philosophical Magazine \infm, p. 323], I have found a very important 
article* by Messrs J and P Oime, in which precisely the same combmation 
IS described, and the application of the principle illustrated by it to explain 
all the piezo-electrio and pyro-electric properties of crystals is pointed out 

The discovery of the piezo-electrio property in ciystalhne matter lias been 
made known to the world by the exjierimental researches of the brothers 
Curie , and it now mteresis me exceedingly to find that they have also given 
what seems to me undoubtedly the true electro-molecular theory of the 
constitution of crystals, explaining not only piezo-electricity, but the old 
known pyro-electricity , and bringing these properties into relation with the 
electro-chemical constitution of the crystalline molecule. 


Comptes Bendtis of the French Academy of Sciences for February 14, 1881. 
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171. On a Piezo-electric Pile. 


[From B) it. Assoc Report^ 1893, pp 691, 692 ; Phil Mag Vol. xxxvi Oct 

1893, pp 342, 343 , ElcQtncmm^ Vol xxxi Oct 20, 1893, p 664 , Lmii 

lileo Vol L. Oct 7, 1893, pp 41, 42 ] 

The application of pressure to a voltaic pile, dry or wet, has 
been suggested as an illustration of the piezo-electnc properties 
of crystals, but no very satisfactory results have hitherto been 
obtained, whether by expenment or by theoretical considerations, 
so far as I know. Whatever effects of pressure have been observed 
have depended upon complex actions on the moist, or semi-nioist, 
substances between the metals, and electrolytic or semi-electrolytic 
and semi-metallic conductances of these substances. Clearing 
away everything but air from between the opposed metallic surfaces 
of different quality, I have made the piezo-electric pile which 
accompanies this communication. It consists of twenty- four double 
plates, each 8 centimetres square, of zinc and copper soldered 
together, zinc on one side and copper on the other. Half a square 
centimetre is cut from each corner of each zinc plate, so that the 
copper square is left uncovered by the zinc at each of its four 
corners, Thus each plate presents on one side an uninterrupted 
copper surface, and on the other side a zinc surface, except the 
four uncovered half square centimetres of copper. A pile of these 
plates is made, restmg one over the other on four small pieces of 
india-rubber at the four copper comers. The air-space between 
the opposed zinc and copper surfaces may be of any thickness from 
half a millimetre to 3 or 4 millimetres. Care must be taken that 
there are no minute shreds of fibre or dust bridging the air-space. 
In this respect so small an air-space as half a millimetre gives 
trouble, but with 3 or 4 millimetres no trouble is found. 


21—2 
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The lowest and uppermost plates are connected by jSne wires 
to the two pairs of quadrants of my quadiant electrometer, and it 
IS generally convenient to allow the lowest to lie uninsulated on 
an ordinary table and to connect it metallically with the outer case 
of the electrometer. 

To make an experiment, (1) connect the two fine wires 
metalhcally, and let the electrometer-needle settle to its metallic 
zero 

(2) Break the connection between the two fine wires, and 
let a weight of a few hektogi^ammes or kilogrammes fall from a 
height of a few millimetres above the upper plate and rest on 
this plate. A startlingly great deflexion of the electrometer- 
needle IS produced, The insulation of the india-imbber supports 
and of the quadrants in the electrometer ought to be so good ns 
to allow the needle to come to rest, and the steady deflexion to be 
observed, before there is any considerable loss 

If, for example, the plates are placed with their zinc faces up, 
the application of the weight causes positive electricity to come 
from the lower face of the uppermost plate and deposit itself over 
the upper surface of plate and weight, and on the electrode and 
pair of quadrants of the electrometer connected with it. 










I 
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172 . On the Theory of Pyro-electricity and 
Piezo-electricity of Crystals 


[From Gomp Reml Vol oxvii [Oct. 9, 1893], pp. 463 — 472 , Lim Mqc, 

Vol L Nov 4, 1893, pp 238—242 , Phil Mag Vol xxxvi Nov 1893, 

pp 463—459.] 

1. The doctrine of bodily electro-polarization masked by an 
induced superficial electrification, which I gave thirty years ago 
in NichoVs Cyclopcedia* * * § , wanted a physical explanation of the 
assumed molecular polarization to render it a satisfying physical 
theory of p 3 rro-electricity , and it was essentially defective, as has 
been remarked by Rbntgenf and by Voigt m that it contained 
no suggestion towards explaining the multiple electric polarities 
irregularly produced by irregular changes of temperature in boracite, 
in quartz, and in tourmaline itself, which had perplexed many 
naturalists and experimenters. A short but very important paper 
by MM Jacques and Pierre Curie in the Comptes Rendus for 
Feb. 14, 1881, supplies that want m a manner which suggests 
what seems to me the true matter-of-fact electro-chemical theory 
of a crystalline molecule, and at the same time makes easy the 
extension of my slight primitive doctnne, to remedy its defect 
in respect to multipolarity, and to render it available for explaming 
not only the old-known pyro-electncity of crystals, but also the 
piezo-electricity discovered by the brothers Ourie§ themselves, 
The element of zinc and copper soldered together and surrounded 
only by air, which they suggest, represents perfectly a true electro- 
chemical compound molecule such as HqO or SiOa in a realizable 

* Reprinted in Collected Mathematical and Physical Papers (Sir W. Thomson), 
Vol. I. p. 816. 

t Wiedemann’s Annalcn^ 1888, YoL xviii. p. 218. 

$ ‘*Allgememe Theorie dor Pi6zo- nnd Pyro-eleotrieehen Brscheintingen an 
Krystallen,” p. 6; separate publication from Vol. xxxvi. of Abhand. Kbntg, Ges. 
Wi88 OMtingent 1890. 

§ Comptes RenditSi Aug. 2 and Aug. 16, 1880. 
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model, which indeed I actually made three weeks ago and 
described in a communication to the Philosophical Magazine’*^ 
without knowing that I had been anticipated 

2. To represent pyro-electnc and piezo-electric qualities in a 
crystal, take as crystalline molecule a rigid body of any shape, 
bounded by a surface made up of pieces of different metals, 
soldered together so as to constitute one metallic conductor. 
AiTange a lai'ge number of such molecules in order, as a Bmvais 
homogeneous assemblage, not touching one another Connect 
every molecule with neighbours by springs of non-conductmg 
matenal (mdia-rubber may be taken if we wish to make a 
practically workmg model). We may, for example, suppose each 
molecule to be connected with only twelve neighbours, its two 
nearest, its two next-nearests, its two next-next-nearests ni the 
plane of those four, and the three pairs of nearests, next-nearests, 
and next-nextmearests on the two sides of that plane. Thus we 
have a perfect inechamcal model for the elasticity and the piezo- 
electricity of a crystal , and for pyro-electricity also, if we suppose 
change of temperature to produce either change of the contact- 
electricities of the metals, or change of configuration of the 
assemblage, whether by changing the shape of each molecule or 
by changing the forces of the springs. 

3. The mathematical problem which this combination presents 
IS as follows : — 

Given a homogeneous assemblage of a large number of equal 
and similar closed surfaces, S, each composed of two or more 
different kinds of metal soldered together, all insulated in a large 
closed chamber, of which the bounding surface G is everywhere 
at a practically infinite distance from the assemblage, and is of 
the same metal as one of the metals of S, copper we shall suppose, 
to fix the ideas. 

It IS required to find * — 

(1) The potential m the copper of every molecule when the 
total quantity of electncity on each is zero. 

(2) The quantity of electncity on each molecule when all are 
metallically connected by infinitely fine wire. 


For October 1898, “ On a Hezo-eleotno Pil©.^ 
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4, The mathematical expression of the conditions and require- 
ments of the problem is as follows — 

Let/(P) denote a given function of the position of a point 
P on the surface S of any one of the molecules , expressing the 
difference of the potential in the air infinitely near to P, fiom the 
potential m the air infinitely neai to the copper parts of the 
surface S This function is the same for corresponding points of 
all the molecules 

Let Vn be the potential at the copper of the molecule 
numbered n. 

Lot D {Pi, P,t) be the distance between a point Pi on 
the molecule numbered i, and a point P,i on the molecule 
numbered n 

Let JJdiv denote integration over the surface of molecule 
and pi a function of the position of P^ on the surface of this 
molecule (the electiic density at P^) 

Lot % denote summation for all the molecules, includmg the 
case % = 71. 


Let q^i be the total quantity of electricity on molecule 7i 
The equation of electric equilibrium is 


and we have 


V [ f p%dsi 


=/(Pn)+F„ .. 


SSpndSn — ^n 

It is required to find 


(«). 


....(h) 


(1) when qn = 0, for every value of 7i , 
and ( 2 ) 5 ^, when 7,1 = 0 , 

6 , The problem thus proposed is of a highly transcendental 
character, unless the surface 8 is spherical In this case it can 
be solved for any finite number of molecules by mere expenditure 
of labour; perhaps the work of the natural working-life of a 
competent mathematician, if the assemblage is a Bravais pamllel- 
epiped of 126 globes in 6 “r4seaux’* of 26 globes each, would suffice 
to give the solution for each item within one per cent, of accuracy; 
and not much more labour would be needed to solve the problem 
to the same degree of accuracy for each of 125 x 10^ spherical 
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molecules in a similar Bravais parallelepiped of 5 x 10*^ ‘^r^seaux/^ 
if the distance {h we shall call it) between the planes of corie- 
spondmg points of two consecutive “r4seaux" of nearest and next- 
nearest molecules is not greater than about twice the diameter of 
each molecule. 

6 When this last condition is fulfilled, we can see, from 
general knowledge of the doctrine of electric scieenmg, without 
solving the problem as proposed for every individual molecule, 
that the solution of the second pait (2) of the requiiements is 
== 0, very approximately for every molecule at any distance 
exceeding two or three times h from every part of the boundaiy 
of the assemblage , and this whether the molecules are spherical, 
or of any other shape not too wildly different. We see also that 
for all molecules not nearer than 3A, or perhaps 4A, oi 57i, from 
any part of the boundary of the assemblage, the distribution of 
electricity is similar That is to say, the whole assemblage within 
a thin surface-layer (of some such thickness as 3/i or 4^h) is 
homogeneous, not only geometrically and mechamcally, but also 
electrically The problem of finding, with moderate accuracy, 
the distribution of electricity on each molecule of the homogeneous 
assemblage thus constituted, is comparatively un-labonous if the 
shape of each molecule is spherical. 

7. We also see, by the known elements of electrostatics, 
without solving the problem of finding the quantity of electricity 
on each molecule of the surface-layer in the circumstances 
described in § 6, that the sum of the quantities on all the molecules 
of this layer, per unit of the surface, is equal to the component, 
in the direction normal to the surface, of the electric moment per 
umt- volume of the homogeneous assemblage within the surface- 
layer. 

8. The condition of the whole assemblage, surface-layer and 
homogeneous assemblage withm it, at which we have arrived in 
§§ 6 and 7, may be regarded as representing the natural un- 
disturbed condition of a crystal Let now any homogeneous 
change of configuration of our assemblage be produced either by 
proper application of force to the molecules of the sui face-layer, 
or by uniform change of temperature thioughout the mterioi, or 
by both these causes acting simultaneously, We need not exclude 
the CEise of no change of shape or bulk of the boundary , that is 
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to Hay, thc‘ C‘as(‘ of no ohaiig'e of the lelativo positiony of uorre- 
spoiuliiiL^ points of tho moleculos, and our '^change of configuration” 
only an inHnit.esnual rotataon of each molecule. The incluBion of 
thiH cuH(‘ is impiU'taut to guard agaiiiHt a tondoncy which I find in 
thi‘ writings botli IVIM Curni and of Voigt:— a tendency to a 
hypotlietical nssmnpt.ion unduly limiting the pyio-electnc property 
to uh'ut.ity with thc‘ pit‘/,o-c‘lectric efioct produced by force causing 
llu‘ sanu‘ cliangi^ of sha]K^ or bulk as that which is produced 
by the ehange t>f ttunjuunture. In nal(Ur(3, we may expect as 
a general possibility, tind as a piaibablo result in some cases, a 
buddy electro-polarization produce<l by change of teiuporaturc, 
t‘V<‘u though (duuig(‘ of bulk and shape are prevented by force 
applied to tht‘ surfacH*. And, in our model, changes of forces of 
the springs wuidd eertaiuly (‘ause rotation of the molecules, and 
so protluci* eUadro-polarization, t‘veu when the molecules of the 
boundary au‘ ludd fixed, unh‘ss the springs are specially designed 
and (smstruetcMl to annul this (dfect. 

9. Solve* now tlu‘ <d(‘etrical probhmi of finding the change of 
electric moment of tsnch imdi^cule of the homogeneous ivssomblagc, 
prodnetsl by tin* ehaugt* of configuration described in § 8, when 
the potential is /a*ro througliout the Hurfac(‘-layer, To avoid 
t.anipmung with the separate insulation of all or any of the 
molecules, aiul to c<mform our idi^as to th(‘ realities of experiments 
on tht‘ ideetric proptuties of crystals, I suppoao this equality of 
potential to be proilucerl not by temporary metallic connexion 
lietween the molecules as in | 3 (2), but by a metal coat enclosing 
tmr nuKlel, and having its inner surface ovorywhoro voiy near 
to tlu‘ boundary of the assemblage; for example, everywhere 
within a liistanee i)f less than 2/t or iVi in our model, or of loss 
than if we are dialling with a real crystal in a real 

i'xperiment, 

10* T'o find experimentally the solution of tho muthematical 
])roblem of § 9, divide the metal coat into two parts; one of them 
<com‘spontling to Coulomb's proof-plane we shall call for 
brevity It may be either bo email that it is sensibly plane, 
or it may be a portion of the coat covering a finite plane part of 
the boundary of the assemblage. Commence now with the crystal 
in its natural undisturbed state, and having the metal coat on it 
with E insulated from the rest of the coat. Produce a change of 
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configuration as in § 8 , and then measure how much electricity 
would need to pass from E to the rest of the coat to equalize 
the potential between them This is wholly and exactly what 
MM. Curie do in them admirably designed measurement with 
their ''quartz pi4zo-41ectrique/’ avoiding all need for consideration 
of the essentially transcendent problem of the distribution of 
electnc potential at the surface of an uncoated crystal when 
there is either pyro-electnc or piezo-electric disturbance of its 
intenor 

The quantity of electricity thus measured, divided by the aiea 
of^, IS equal to the component perpendicular to E of the interior 
electro-polarization when E and the rest of the coat are metallically 
connected 

11. In conclusion, following Voigt in his Allgein&ine Theorie, 
already referred to, we see that there are essentially 18 independent 
coefficients for the piezo-electncity of a crystal m general, in thiee 
formulas expressing the three components of the electnc moment 
per unit of its volume each as a linear function of the six com- 
ponents of the geometrical strain of the substance To each of these 
expressions I add a term for the component of the electnc moment 
due to change of temperature when force acting on the suiface 
prevents change of volume or shape. Thus we have in all 21 
independent coefficients foi piezo-electncity and pyro-electiicity , 
to be determmed for a real crystal by observation It is inte- 
resting to see how our model can be constructed to realize the 
piezo- electnc and pyro-electric phenomena in accordance with any 
given values of these 21 coefficients, by expeiimental solution of 
as much of the mathematical problem of § 4 as is necessary for 
the purpose 

12. Choose any convement shape, spherical or not wildly 

different from spherical, for each molecule Divide the whole 
surface into 22 parts (not wildly unequal nor extravagantly 
different from squares or equilateral equi-angulai hexagons), and 
number them 0, 1, 2, 21 Construct a trial molecule with pait 

() always of copper, and with, for first' tiial, part 1 of zinc, and 
parts 2, 3, . 21 of copper Take a large number of such molecules 

and make of them a Bravais homogeneous assemblage with any 
arbitranly chosen values for the six edges of the fundamental 
acute-angled tetrahedrons. Connect the molecules homogeneously 
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by springs of non-conducting material in the manner described m 
§ 2 above. To provide fully for pyro-electricity, without hypothesis, 
we must now take care that these springs are such, that when the 
temperature is changed, and the border molecules are held fixed, 
all the interior molecules shall be caused to rotate round parallel 
axes through equal angles proportional to the difference of 
temperature. For this purpose the springs must be of two or 
more different materials , and when set in their proper positions 
between the molecules they must be under stress, some of them 
pushing and some pulling, m the undisturbed condition of the 
assemblage 

13. Subject now the assemblage successively to six different 
geometrical strain-components, e,f, g, a, 6, c, and to one change 
of temperature, with the boundary molecules held fixed With 
each of these seven configurations, measure, by three separate 
mefxsurements conducted accord mg to the method described in 
§ 10, the three components of the sum of the electric moments 
of the molecules m unit volume, 

14. Repeat the same 21 measiuements with part 2 of the 
surface of each molecule zinc, and all the rest copper* next 
with part 3 zinc, and all the I'est copper and so on. Thus we 
have 21^ distinct measui*ements, each giving independently one of 
the 21^ multipliei*s [ccj e, 1], [.-r, e, 2], &c, which appear m the 
following 21 equations: — 

[w, 0, 1] Vi + [co, 0, 2] 4- . . . [(c, e, 21] -Uja = (w, 0 ), 

/ 1] Vi -h [a?,/ 2] -y, + . . . [co, /, 21] % = (wj), 

[os, g, 1] Vx + [os, g,2]v,+ ... [as, g, 21] % = (as, g), 

[w, a, 1] Vi + [os, a,2]v<i+ [os, a, 21] % = ( 00 , a), 

[ 00 , b, 1] Vx -h [os, 6, 2] -yg 4- . . . [os, h, 21] % = {os, h), 

[^) 0 , 1] Vi 4- [os, c, 2] 'yg -1- . , 4 [a?, c, 21] %x = { 00 , 0 ), 

[co, t, 1] Vx 4- [w, t,2]v,-^ [cc, t, 21] % = t), 

&c,, &c., &c,, with y and z instead of x 

In these equations Vi, v^, denote the volta-eleotnc 

differences from copper which must be given to part 1, part 2 , .. 
part 21 of the surface of the molecule in order that the 21 piezo- 
electric and pyro-eleotrio coeflScients may have their given values 
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(^, e), (o), /), (z, t ) , the meaning of these coeflScients bemg 

explained by the following three equations — 

X = (w, e) e + (fl?,/)/4- (ic, g)g-\- («, a) a + (x, b)b + (x, o)g + (x, t) t, 

Y = (g,e)e-\- , , . 

Z =(z,e)e-^ 

where X, F, Z denote the components of the electric moment 
per unit of volume, produced in the crystal by geometrical 
change, and change of tempeiatuie {e, /, g, a, b, c, t) Thus, 
the volta-electnc difference of zinc from copper being taken as 
umty, the 21 volta-differences fiom copper, of parts 1 to 21 of 
fche surface of each molecule, are determmed by 21 linear 
equations 


15 Thus we have, in idea, constructed a model for the piezo- 
electric and pyro-electnc quality of a ciystal in which each one 
of the 21 piezo-electnc and pyro-electnc coefficients has an 
arbitrarily given value 
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173, On Homogeneous Division of Space 


[From Ro}j ^oc ProL\ Vol lv 1894, pp 1—16 [Jan. 18, 1894] ; Nat^irCy 

Yol, XLIX March 8, 1894, pp 449—448, March 15, 1894, pp 469 — 471 ] 

1. The homogeneous division of any volume of space means 
the dividing of it into equal and similar parts, or cells, as I shall 
call them, all sameways oriented If we take any point in the 
interior of one cell or on its boundary, and corresponding points 
of all the other cells, these points form a homogeneous assemblage 
of single points, according to Bravais’ adimiable and important 
definitiun*. The general problem of the homogeneous partition 
of space may be stated thus ; — Given a homogeneous assemblage 
of single points, it is required to find every possible form of cell 
enclosing each of them subject to the condition that it is of the 
same shape and sameways oriented for all An mteresting appli- 
eation of this problem is to find for a crystal (that is to say, a 
homogeneous assemblage of groups of chemical atoms) a homo- 
geneous arrangement of partitional interfaces such that each cell 
contains all the atoms of one molecule. Unless we knew the 
exact geometrical configuration of the constituent parts of the 
group of atoms in the crystal, or crystalline molecule as we shall 
call it, we could not describe the partitional interfaces between 
one molecule and its neighbour. 

Knowing as we do know for many crystals the exact geo- 
metrical character of the Bravais assemblage of correspondmg 
points of its molecules, we could not be sure that any solution 
of the partitional problem we might choose to take would give a 
cell containing only the constituent parts of one molecule. For 
instance, in the case of quartiz, of which the crystalline moleoule 
is probably 3 (SiOa), a form of cell chosen at random might be 

* jQW'ml de VtcoU PolvUoWm, tome 19, oahier 88, pp. 1—128 (PanB, 1860), 
quoted flmd used in my MathemPhOfl <md Plvysical Papm, Vol. in. Art. 97, p 400. 
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such that it would enclose the silicon of one molecule with only 
some part of the oxygen belonging to it, and some of the oxygen 
belonging to a neighbouring molecule, leaving out some of its 
own oxygen, which would be enclosed m the cell of either that 
neighbour or of another neighbour or other neighbouis 

2 This will be better understood if we consider another 
illustration — a homogeneous assemblage of equal and similar 
trees planted close together in any regular geometrical order on a 
plane field either inclmed or horizontal, so close together that 
roots of diffeient trees interpenetrate in the ground, and branches 
and leaves m the air. To be perfectly homogeneous, every root, 
every twig, and every leaf of any one tree must have equal and 
similar counterparts m every other tree. So far everything is 
natural, except, of course, the absolute homogeneousness that our 
problem assumes , but now, to make a homogeneous assemblage 
of molecules in space, we must suppose plane above plane each 
homogeneously planted \vith tiees at equal successive mtervals of 
height The interval between two planes may be so large as to 
allow a clear space above the highest plane of leaves of one 
plantation and below the lowest plane of the ends of roots in the 
plantation above We shall not, however, limit ourselves to this 
case, and we shall suppose generally that leaves of one plantation 
intermingle with roots of the plantation above, always, however, 
subject to the condition of perfect homogeneousness Here, 
then, we have a tiuly wonderful problem of geometry — to enclose 
ideally each tree within a closed surface containing every twig, 
leaf, and rootlet belonging to it, and nothing belonging to any 
other tree, and to shape this suiface so that it will coincide all 
round with portions of similar surfaces around neighbourmg trees. 
Wonderful as it is, this is a perfectly easy problem if the trees 
ai'e given, and if they fulfil the condition of being perfectly 
homogeneous. 

In fact we may begm with the actual bounding surface of 
leaves, bark, and roots of each tree Wherever there is a contact, 
whether with leaves, baik, or roots of neighbourmg trees, the areas 
of contact form part of the required cell-surface To complete 
the cell-surface we have only to swell out^ from the untouched 
portions of surface of each tree homogeneously until the swelhng 


Compare Mathematical and Physical Paims^ Vol in Art 97, § 5 
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portions of surface meet in the interstitial air spaces (for simplicity 
we are supposing the eaith lemoved, and roots, as well as leaves 
and twigs, to be perfectly rigid) The wonderful cell-surface which 
we thus find is essentially a case of the tetrakaidecahedronal cell, 
which I shall now describe for any possible homogeneous assemblage 
of points or molecules. 

3 We shall find that the form of cell essentially consists of 
fourteen walls, plane oi not plane, generally not plane, of which 
eight are hexagonal and six quadrilateral, and with thirty-six 
edges, geneially curves, of meeting between the walls, and twenty- 
four corners where three walls meet A cell answering this 
description must of course be called a tetrakaidecahedron, unless 
we piefer to call it a fourteen- walled cell Each wall is an 
interface between one cell and one of fourteen neighbour Each 
of the thirty-six edges is a line common to three neighbours 
Each of the twenty-four corners is a point common to four 
neighbours. The old-known parallelepipedal partitionmg is meiely 
a veiy special case m which there are four neighbours along every 
edge, and eight neighbours having a point in common at every 
corner We shall see how to pass (§ 4) contmuoualy fiom or to 
this singular case, to or from a tetrakaidecahedron diflfenng 
infinitesimally from it , and, still continuously, to oi from any or 
every possible tetrakaidecahedronal partitioning 

4. To change from a parallelepipedal to a tetrakaidecahedronal 
cell, for one and the same homogeneous distribution of points, 
proceed thus — Choose any one of the four body-diagonals of a 
piuallelepiped and divide the parallelepiped into six tetrahedrons 
by three planes each through this diagonal, and one of the three 
pairs of parallel edges which mtersect it m its two ends. Give 
now any purely translational motion to each of these six tetra- 
hedrons. Wo have now the 4x6 comers of these tetrahedrons 
at tw^enty-iour distinct points These are the corners of a tetra- 
kaidecahedron, such as that described generally m § 3. The two 
sots of SIX corners, which before the movement coincided in the 
two ends of the chosen diagonal, are now the comers of one pair 
of the hexagonal faces of the tetrakaidecahedron When we look 
at the other twelve corners we see them as corners of other six 
hexagons, and of six parallelograms, grouped together as descnbed 
m § 15 below, The movements of the six tetrahedrons may be 
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such that the groups of six cornel's and of foui cornel's are in 
fourteen planes as we shall see in § 14 , but, if they are made at 
random, none of the groups will be in a single plane The fourteen 
faces, plane or not plane, of the tetrakaidecahedron are obtained 
by drawing arbitrarily any set of surfaces to constitute foui of the 
hexagons and three of the quadrilaterals, with arbitraiy curves 
for the edges between hexagon and hexagon and between hexagons 
and quadrilaterals, and then by drawing parallel equal and similar 
counterparts to these surfaces m the remaining four hexagonal 
and three quadrilateral spaces m the manner more particularly 
explained m § 8 below. It is clear, ^ or at all events I shall 
endeavour to make it clear by fuller explanations and lUustiations 
below, that the figure thus constituted fulfils our definition (§1) 
of the most geneial form of cell fitted to the particular homo- 
geneous assemblage of pomts conespondmg to the pamllelepiped 
with which we have commenced This will be more easily 
understood m general, if we first consider the particular case of 
pa? allelepipedal partitionmg, and of the deviations which, without 
altermg its comers, we may aibitrarily make fiom a plane-faced 
parallelepiped, or which we may be compelled by the particular 
figure of the molecule to make 

5 Consider, for example, one of the trees of § 2, or if you 
please a solid of less complex shape, which for brevity we shall 
call Sy being one of a homogeneous assemblage Let P [fig 7 
of § 9] be a point in unoccupied space (air, we shall call it for 
brevity), which, for simplicity we may suppose to be somewheie 
in the immediate neighbourhood of S, although it might really be 
anywhere far off among distant sohds of the assemblage Let PA, 
PBy PG be lines parallel to any three Biavais rows not m one 
plane, and let Ay By G be the nearest pomts corresponding to P 
in these lines. Complete a parallelepiped on the lines PA, PBy 
PGy and let QP, QP, QF be the edges parallel to them thiough 
the opposite corner Q Because of the homogeneousness of the 
assemblage, and because Ay B, Gy D, P, P, Q are points coiie- 
sponding to P, which is in air, each of those seven points is also 
m air. Draw any line through air from P to J. and diaw the 
lines of corresponding points fiom P to P, P to Q, and C to P 
Do the same relatively to PP, AF, EQ, GD , and again the same 
relatively to PC, AE, FQ, BD These twelve lines aie all m an, 
and they are the edges of our curved-faced paiallelepiped To 
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describe its faces take points infinitely near to one another along 
the line PG (straight or curved as may be) * and take the coiTe- 
sponding points in BD Join these pairs of corresponding points 
by lines in air infinitely near to one another in succession These 
lines give us the face PBDO Corresponding points in AJSJ, FQ, 
and corresponding lines between them give us the parallel face 
AFQE Similarly we find the other two pairs of the parallel 
faces of the parallelepiped. If the sohds touch one another 
anywhere, either at points or thioughout finite areas, we are to 
reckon the interface between them as air in respect to our present 
rules 

6 We have thus found the most general possible parallelepi- 
pedal partitioning for any given homogeneous assemblage of solids. 
Precisely similar rules give the corresponding result for any 
possible partihoning if we first choose the twenty-four cornel’s of 
the tetrakaidecahedron by findmg six tetrahedrons and giving 
them arbitrary translatory motions according to the rule of § 4. 
To make this clear it is only now necessary to remark that the 
four comers of each tetrahedron are essentially corresponding 
points, and that if one of them is m aix all of them are in air, 
whatever translatory motion we give to the tetrahedron. 


C C 



7. The transition from the parallelepiped to the tetrakaide- 
cahedron descnbed in § 4 will be now readily understood, if we 
pause to consider the vastly simpler two-dimensional case of 
transition from a parallelogram to a hexagoru This is illustrated 
m figs. 1 and 2 , with heavy Lines in each case for the sides of the 
hexagon, and light hues for the six of its diagonals which are 

22 


X. v. 



338 


MOLECULAR AND CRYSTALLINE THEORY 


[173 


sides of constructional triangles The four diagrams show different 
relative positions m one plane of two equal homochirally similar 
tnangles ABO, A'BV' , oppositely oriented (that is to say, with 
corresponding Imes AB, A'B' parallel but in inverted directions). 
The hexagon AG'BA'OB', obtained by joining A with 5' and O', 
B with G' and A\ and 0 with A' and is clearly in each case a 
proper cell-figure for dividing plane space homogeneously accordmg 
to the Bravais distribution of points defined by either triangle, 



or by putting the tnangles together m any one of the three proper 
ways to make a parallelogram of them The corresponding 
operation for three-dimensional space is described in § 4 • and the 
proof which is obvious m two-dimensional space is clearly valid 
for space of three dimensions, and therefore the many words 
which would be required to give it formal demonstration are 
superfluous 

8. The prmciple according to which we take arbitrary curved 
surfaces with arbitrary curved edges of intersection, for seven of 
the faces of our partitional tetrakaidecahedron, and the other 
seven correspondingly parallel to them, is illustrated in figs. 3, 4, 
6, and 6, where the corresponding thing is done for a partitional 
hexagon suited to the homogeneous division of a plane. In these 
diagrams the hexagon is for simplicity taken equilateral and equi- 
angular in drawing fig. 3, three pieces of paper were cut, to the 
shapes M, ran, w. The piece hi was first placed in the position 
shown relatively to AO', and a portion of the area of one cell to 
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be given to a neighbour across the frontier C^A on one side was 
marked off It was then placed in the position shown relatively 
to A^C and the equivalent portion to be taken from a neighbour 
on the other side was marked. Corresponding give-and-take 
dehmitations were marked on the frontiers O^B and BV, according 
to the form mn, and on the frontiers BA\ AB\ according to the 
form uv. Fig. 4 was drawn on the same plan but with one pair 
of frontiers left as straight hnes, and the two other pairs drawn 
by aid of two paper templets. It would be easy, but not worth 
the trouble, to cut out a large number of pieces of brass of the 
shapes shown in these diagrams and to show them fitted together 
like the pieces of a dissected map Figs 6 and 6 are drawn on the 



same principle ; fig. 6 showing, on a reduced scale, the result of 
putting pieces together precisely equal and similar to that shown 
in fig 6. In these diagrams, unlike the cases represented in 
figs. 3 and 4, the primitive hexagon is, as shown clearly in fig, 6, 
divided into isolated parts. But if wo are dealing with homo- 
geneous division of soUd space, the separating channels shown in 
fig. 6 might be sections, by the plane of the drawing, of perfora- 
tions through the matter of one cell produced by the penetration 
of matter, rootlets for example, from neighbouring cells. 
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9. Corresponding to the three -ways hy which two triangles 
can be put together to make a parallelogram, there are seven, and 
only seven, ways m which the six tetrahedrons of § 4 can be put 
together to make a parallelepiped, in positions parallel to those 
which they had m the original parallelepiped To see this, remark 
first that among the thirty-six edges of the six tetrahedrons seven 



different lengths are found which are respectively equal to the 
three lengths of edges (three quartets of equal parallels); the 
three lengths of face-diagonals having ends in P or Q (three pairs 
of equal parallels) ; and the length of the chosen body-diagonal 
PQ. (Any one of these seven is, of course, determinable from the 
other six if given.) 
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In the diagram, fig. 7, fall lines show the edges of the 
primitive parallelepiped, and dotted lines show the body-diagonal 
PQ and two pairs of the face-diagonals, the other pair of face- 
diagonals (PF, QG), not being marked on the diagram to avoid 
confusion Thus, the diagram shows, in the parallelograms QDPA 
and QEPB, two of the three cutting planes by which it is divided 
into SIX tetrahedrons, and it so shows also two of the six tetra- 
hedrons, QPDB and QPFA. The lengths QP, QP, QE, QF are 
found m the edges of every one of the six tetrahedrons, the two 
other edges of each being of two of the three lengths QA, QB, QO, 
The SIX tetrahedrons may be taken m order of three pairs having 
edges of lengths respectively equal to QB and QO, QG and QA, 
QA and QB It is the third of these pairs that is shown m fig. 7, 


B F 



Remark now that the sum of the six angles of the six tetra- 
hedrons at the edge equal to any one of the lengths QP, QD, QE, 
QF IS four nght angles. Remark also that the sum of the four 
angles at the edge of length QA in the two pairs of tetrahedrons 
in which the length QA is found is four right angles, and the 
same with reference to QB and QG, Remark lastly that the 
two tetrahedrons of each pair are equal and dichirally* similar, 
or enantiomorphs as such figures have been called by German 
writers. 

10. Now, suppose any one pair of the tetrahedrons to be 
taken away from their positions in the primitive parallelepiped, 
and, by purely translational motion, to be brought into position 
with their edges of length QJD coincident, and the same to be 

* A pair of gloves are dioKirally Bunilar, or enantiomorphs, Equal and similar 
right-handed gloves are ohirally similar. 
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done for each of the other two pairs The sum of the six angles 
at the coincident edges being two right angles, the plane faces at 
the common edge will fit together, and the condition of parallelism 
in the motion of each pair fixes the order in which the three pairs 
come together m the new position, and shows ns that m this 
position the three pairs form a parallelepiped essentially different 
from the primitive parallelepiped, provided that, for simphcity in 
our present considerations, we suppose each tetrahedron to he 
wholly scalene, that is to say, the seven lengths found amongst 
the edges to be all unequal Next shift the tetrahedrons to hnng 
the edges QE into coincidence, and next agam to hrmg the edges 
QF into comcidence Thus, mcluding the prmutive parallelepiped, 
we can make four different parallelepipeds in each of which six of 
the tetrahedrons have a common edge. 

11 Now take the two pairs of tetrahedrons having edges of 
length equal to Q-d, and put them together with these edges 
coincident Thus we have a scalene octahedron. The remauung 
pair of tetrahedrons placed on a pair of its parallel faces complete 
a parallelepiped. Similarly two other parallelepipeds may he 
made hy putting together the pairs that have edges of lengths 
equal to QB and QG respectively with those edges coincident, and 
finishing in each case with the remainmg pair of tetrahedrons. 
The three parallelepipeds thus found are essentially different fi:om 
one another, and from the four of § 10 , and thus we have the 
seven parallelepipeds fulfilling the statement of § 9 Each of the 
seven parallelepipeds corresponds to one and the same homo- 
geneous distribution of points. 

12. Going back to § 4, we see that, by the rule there given, 
we find four different ways of passing to the tetrakaidecahedron 
from any one chosen parallelepiped of a homogeneous assemblage 
The four different cellular systems thus found involve four different 
sets of seven pairs of neighbours for each point In each of 
these there are four pairs of neighbours in rows parallel to the 
three quartets of edges of the paraUelepiped and to the chosen 
hody-diagonal , and the other three pairs of neighbours are m 
three rows parallel to the face-diagonals which meet in the chosen 
body-diagonal. The second (§ 11) of the two modes of putiang 
together tetrahedrons to. form a parallelepiped which we have 
been considering suggests a second mbd® 0f dividing our pritnitive 
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parallelepiped, m which we should first truncate two opposite 
comers and then divide the octahedron which is left, by two 
planes through one or other of its three diagonals. The six tetra- 
hedrons obtained by any one of the twelve ways of effecting this 
second mode of division give, by their twenty-four corners, the 
twenty-four comers of a space-filling tetrakaidecahedronal cell, by 
which our fundamental problem is solved But every solution 
thus obtainable is clearly obtainable by the simpler rule of § 4, 
commencmg with some one of the infinite number of primitive 
parallelepipeds which we may take as representative of any 
homogeneous distribution of points. 

13 The communication is illustrated by a model showing 
the six tetrahedrons derived by the rule § 4 from a symmetrical 
kind of primitive parallelepiped, bemg a rhombohedron of which 
the axial-diagonal is equal in length to each of the edges The 
homogeneous distribution of points corresponding to this form of 
parallelepiped is the well-known one in which every point is 
surrounded by eight others at the comers of a cube of which it is 
the centre , or, if we like to look at it so, two simple cubical 
distributions of single points, each pomt of one distribution being 
at the centre of a cube of points of the other, [To understand 
the tactics of the single homogeneous assemblage constituted by 
these two cubic assemblages, let P be a point of one of the cubic 
assemblages, and Q any one of its eight nearest neighbours of the 
other assemblage Q is at the centre of a cube of which P is at 
one corner. Let PP, PP, PP be three conterminous edges of 
this cube so that P, P, P are points of the first assemblage nearest 
to P. Again Q is a corner of a cube of which P is the centre , 
and if QA, QB, QO are three conterminous edges of this cube, 
Ay B, 0 are points of the second assemblage nearest to Q. The 
rhombohedron of which PQ is body-diagonal and PA, PP, PG 
the edges conterminous in P, and QP, QP, QF the edges conter- 
minous in Qy is our present rhombohedron. The diagram of § 9 
(fig. 7), imagined to be altered to proper proportions for the 
present case, may be looked to for illustration. Its three face- 
diagonals through P, being PP, PP, PP, are perpendicular to one 
another. So also are QAy QB, QG, its three face-diagonals through 
Q The body-diagonal of the cube PQ, being half the body- 
diagonal of the cube whose edges are PP, PP, PP, is equal to 
PP X Ja/8 : and PA, PP, PG are also each of them equal to this, 
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because jB, 0 are centres of other equal cubes, having P for a 
common corner — January 30.] 

14. The tetrahedrons used in the model are those into which 
the parallelepiped is cut by three planes through the axial 
diagonal, which in this case cut one another at angles of 60° We 
wish to be able to shift the tetrahedrons into positions corre- 
sponding to those of the triangles m fig. 1, which we could not 
do if they were cut out of the solid. I, therefore, make a mere 
skeleton of each tetrahedron, consisting of a piece of wire bent at 
two points, one-third of its length from its ends, at angles of *70^°, 
being sm“^|-V8, in planes inclined at 60° to one another. The 
six skeletons thus made are equal and similar, three homochirals 
and the other three also homochirals, their enantiomorphs In 
their places in the primitive paiallelepiped they have their middle 
lines coincident m its axial diagonal PQ, and their other 6x2 
arms coincident in thi'ee pairs in its six edges through P and Q 
Looking at fig. 7 we see, for example, three of the edges CP, PQ, 
QEy of one of the tetrahedrons thus constituted, and DQ, QP, 
PBy three edges of its enantiomorph In the model they are put 
together with their middle lines at equal distances around the 
axial diagonal and their arms symmetrically arranged round it. 
Wherever two lines cross they are tied, not very tightly, together 
by thin cord many times round, and thus we can slip them along 
so as to bring the six middle lines either very close together, 
nearly as they would be in the primitive parallelepiped, or 
farther and farther out from one another so as to give, by the 
four corners of the tetrahedrons, the twenty-four corners of all 
possible configurations of the plane-faced space-filling tetrakaide- 
cahedron. 

15 The six skeletons being symmetrically arranged around 
an axial line we see that each arm is cut by lines of other skeletons 
in three points. For an important configuration, let the skeletons 
be separated out from the axial line just so far that each arm is 
divided into four equal parts, by those three intersectional points. 
The tetrakaidecahedron of which the twenty-four comers are the 
comers of the tetrahedrons thus placed may conveniently be called 
the orthic tetrakaidecahedron. It has six equal square feces and 
eight equal equiangular and equilateral hexagonal feces. It was 
described in § 12 of my paper on ''The tHvision of Space with 
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Minimum Partitional Area*/' under the name of “plane-faced 
isotropic tetrakaidecahedron", but I now prefer to call ifc orthic, 
because, for each of its seven pairs of parallel faces, lines joining 
correspondmg points in the two faces are perpendicular to the 
faces, and the planes of its three pairs of square faces are peipcn- 
dicular to one another. Fig 8 represents an orthogonal projection 


‘ 5 3 



Rag. 8. 

on a plane parallel to one of the four pairs of hexagonal faces. 
The heavy hnes are edges of the tetrakaideoahedron. The light 
lines are edges of the tetrahedrons of § 13, or parts of those edges 
not coincident in projection with the edges of the tetrakaidoca- 
hedron. The figures 1, 1, 1; 2, 2, 2;...; 6, 6, 6 show corners 
belonging respectively to the six tetrahedrons, two of the four 
comers of each being projected on one point in the diagram. 

* Phi Mag. 1887, 2nd half-year, and Aeta Mathematica, Vol. xi. nn. 121— 
184[ai^a, p. 297], 



I 


1894] ON HOMOGENEOUS DIVISION OF SPACE 345 

because A, 0 are centres of other equal cubes, having P for a 
common comer — January 30] 

14 The tetrahedrons used in the model are those into which 
jhe parallelepiped is cut by three planes through the axial 
iiagonal, which in this case cut one another at angles of 60° We 
vish to be able to shift the tetrahedrons into positions corre- 
iponding to those of the triangles m fig, 1, which we could not 
lo if they were cut out of the solid I, therefore, make a mere 
keleton of each tetrahedron, consistmg of a piece of wire bent at 
wo points, one-third of its length from its ends, at angles of 70^°, 
)eing sm”^ ^ planes mclined at 60° to one another The 
IX skeletons thus made are equal and similar, three homochirals 
nd the other three also homochirals, then’ enantiomorphs. In 
heir places in the primitive paiallelepiped they have their middle 
Lnes coincident in its axial diagonal PQ, and their other 6x2 
ims coincident in three pairs in its six edges through P and Q. 
jookmg at fig. 7 we see, for example, three of the edges (7P, PQ, 
]E, of one of the tetrahedrons thus constituted, and PQ, QP, 
three edges of its enantiomorph. In the model they are put 
Dgether with their middle lines at equal distances around the 
xial diagonal and their arms symmetrically aiTanged round it 
^heievei two lines cioss they are tied, not very tightly, together 
y thin cord many times lound, and thus we can slip them along 
) as to bring the six middle lines either very close together, 
early as they would be m the primitive parallelepiped, or 
u’thcr and farther out from one another so as to give, by the 
nr corners of the tetiahedrons, the twenty-four corners of all 
issible configurations of the plane-faced space-filling tetrakaide- 
ihedion. 

15 The SIX skeletons being symmetrically arranged around 
i axial line we see that each arm is cut bylines of other skeletons 
three points For an important configuration, let the skeletons 
j separated out from the axial line just so far that each arm is 
vided into four equal parts, by those three intersectional points, 
le tetrakaidecahedron of which the twenty-four corners are the 
rners of the tetiahedrons thus placed may conveniently be called 
e orthic tetiakaidecahedron It has six equal square faces and 
jht equal equiangular and equilateral hexagonal faces. It was 
scribed m § 12 of my paper on ‘'The Division of Space with 
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17. I cannot m the present communication enter upon the 
most general possible plane-faced partitional tetrakaidecahedron 
or show its relation to orthic and orthoidal tetrakaidecahedrons. 
I may merely say that the analogy m the homogeneous division 
of a plane is this — an equilateral and equiangular hexagon 
(orthic) , any other hexagon of three pairs of equal and parallel 
sides whose paracentiic diagonals trisect one another (orthoidal) 
The angles of an orthoidal hexagon, other than equilateral, are 
not 120°. The angles of the left-hand hexagon fig. 1 (§ 7) are 
120°, and its paracentric diagonals do not trisect one another, as 
the diagram clearly shows. 
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174 . On the Moleoulae Dynamics of Hydrogen Gas, 
Oxygen Gas, Ozone, Peroxide of Hydrogen, Vapour of 
Water, Liquid Water, Ioe, and Quartz Crystal. 

[From Brit Asboo Report^ 1896, pp. 721 — 724 ] 

In a commumcation " On the Different Crystalline Configura- 
tions possible with the same Law of Force according to Boscovich,'" 
to the last meetmg (July 20) of the Eoyal Society of Edinburgh, 
a purely mathematical problem of fundamental importance for the 
physical theory of crystals — the equilibrium of any number of 
points actmg on one another with forces m the lines joinmg them 
— was considered in the simplest case of Boscovichian statics 
that in which the mutual force between every pair of atoms is 
the same for the same distance between any two atoms of the 
whole assemblage. The next simplest case is that in which there 
are two kmds of atom, A, o, with the distinction that the force 
between two A's and the force between two o’s and the force 
between an A and an o are generally different at the same 
distance. The mutual force between two A*s is, of course, always 
the same at the same distance. So also is the mutual force 
between two o's and between an A and an o. 

The object of the present communication is to find how much 
of the known properties of the substances named in the title can 
be explamed with no further assumption except the confemng of 
mertia upon a Boscovich atom. 

The known chemical and physical properties to be provided 
for are* 

1. That in each of the gases named, the molecule is divisible 
into two, which is the meaning of the symbols Ha, Oa, used to 
denote them m chemistry. 

2. That Ozone (Oj) is a possible, though not a very stable, 
gaseous molecule, consisting of a group of Oxygen atoms of which 
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the constituents readily pass into the configuration (O 2 ) of Oxygen 
gas. 

8. That Peroxide of Hydrogen (HgOg, or perhaps HO) is a 
possible, but not a very stable, combination, which, for all we 
know, may exist as a dry gas, but which is only generally known 
as a solution m water (of density 1 45 in the highest concentration 
hitherto reached), readily absorbing Hydrogen or parting with 
Oxygen so as to form HgO. 

4 That water (HgO) is an exceedingly stable compound m 
the gaseous, in the liquid or in the crystalline form according to 
circumstances of temperature and pressure. 

5. That dry mixtures of Hydrogen and Oxygen gases, and 
also mixtures of these gases with water in the same enclosure, 
have been kept by many experimenters for weeks or months, and 
perhaps for years, enclosed in glass vessels, without any combmation 
of the two gases having been detected, 

6. That Ice contracts by about 8 per cent in meltmg, and 
that ice-cold water, when warmed, contracts till it reaches a 
maximum density at about 4° C., and expands on further elevation 
of temperature 

7. For Quartz crystal — - 

(а) The difference between neighbouring corners of the hexa- 
gonal prism ; 

(б) The similarity between each face and its neighbour on 
either side turned upside down (the axis of the prism supposed' 
vertical). 

(c) The right-handed and left-handed chiralities of different 
crystals in nature with, so far as known, an equal chance of one 
chirality or the other in any crystal that may be found* 

In the present communication it is shown that all the properties 
stated in this schedule can be conceivably explamed by making H 
consist of two Boscovich atoms (A, A), and 0 of two others (o, o). 
This essentially makes Hj, consist of four A*s at the corners of an 
equilateral tetrahedron, and Oa a similar configuration of four o's. 
It naturally shows Ozone as six o^s at the comers of a regular 
octahedron- and peroxide of hydrogen as a tetrahedron of A's 
placed symmetrically within a tetrahedmn of It makes HjO 
(the gaseous molecule of water) consist of two o's with two A’s 
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attaclied to one of them and two other Ks attached to the other , 
the A'b of each o getting as near to the other o as the mutual 
repulsion of the allows. This configuration and the modification 
it experiences in the formation of crystals of ice are illustrated by 
models which accompany the commumcation. 


A 



C 


To understand what is probably the true configuration of ice- 
crystal, we are helped by first considering a double cubic assemblage 
of pomt-atoms, such that each point-atom is in the centre of a 
cube having eight pomt-atoms for its comers. This double cubic 
assemblage may be imagined as consisting of two simple cubic 
assemblages, so placed that one atom of each assemblage is in the 
centre of a cube of atoms of the other. The annexed diagram 
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shows, in the centres of the circles which it contains, atoms of a 
double cubic assemblage, which lie in the plane of a pair of remobe 
parallel edges, AD, BG, of one set of constituent cubes It 
shows all the atoms in the lines of this plane which it contains 
except certain omissions in the hnes AD, DO, made specially on 
account of the present application of the diagram. The circles 
of simple shadmg and of shading interrupted by two small con- 
centric circles constitute one of the simple cubic assemblages, 
the unshaded and the circles with shadmg mterrupted by one 
concentric circle constitute the other cubic assemblage. AG, BD 
are parallel to body diagonals, ^jB, DO are parallel to face 
diagonals, of the cubes. Annul now all the atoms at the centres 
of the blank circles*. Lastly, stretch the diagram perpendicularly 
to AG in some definite ratio of perhaps about 3 to 1 It then 
represents what we may believe to be probably the true molecular 
structure of ice-crystal . the cncles with simple shading and with 
shading interrupted by two concentric circles denotmg hydrogen 
atoms, and the circles with shading interrupted by smgle con- 
centric circles the oxygen atoms 

The named properties of Quartz are explained by supposing 
the crystalline molecule to consist of three of the chemical mole- 
cules (OSiO) placed together in a manner readily imagined 
according to a suggestion which I communicated to the British 
Association at its Southport meeting m 1883. Models showing 
right-handed and left-handed specimens of these crystalhne mole- 
cules and the configuration in which they must be placed to form 
a rock crystal ending in its well-known six-sided pyramid are 
shown to illustrate the present communication. 

In a communication which I hope to make to the Royal 
Society of Edinburgh at an early meeting essential details of the 
configurations now suggested, and of the mutual forces between 
the atoms required by the conditions to be fulfilled, will be 
considered. 

* The assemblage thus constituted is precisely that described in Section 24, and 
in footnote on Section 69 of “Molecular Constitution of Matter, “ JProc. JR/s E, 
July 1889, reprinted as Art. xovii of Yol. m. of Mc^theTnatioal and Physical Papers, 
I was led to it in the course of my investigation of a Boscoviohion elastic solid, 
having two independent moduluses of resiat«iSG to compression and of rigidity, — 
(^‘Elasticity of a Crystal according to Bos<!fO'^ch,’\J^^c. J^, Jdnb 1893 [PaltU 
more Lect^treSf Appendix I.] ) ^ \ \ 
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176. Magnetism and Molecular Rotation*. 

[Erom Edinh Roy Soc, Froc YoL xxn [read July 17, 1899], pp. 631 — 636 , 
Phil Mag Yol XLViu August, 1899, pp 236 — 239] 

1. Consider the induction of an electric current in an end- 
less wire when a magnetic field is generated around it. For 
simplicity, let the wire be circular and the diameter of its section 
very small in comparison with that of the nng The time- 
mtegral of the electromotive force m the circuit is 2AMy if A 
denote the area of the rmg and M the component perpendicular 
to its plane, of the magnetic force coming into existence. This 
is true whatever be the shape of the ring, provided it is all in 
one plane Now, adopting the idea of two electricities, vitreous 
and resmous, we must imagine an electric current of strength 0 
to consist of currents of vitreous and resmous electricities in 
opposite directions, each of strength J G Hence the time- 
integrals of the opposite electromotive forces on umts of the 
equal vitreous and resmous electricities are each equal to AM, 

2. Substitute now for our metal wire an endless tube of 
non-conducting matter, vitreously electnfied, and filled with an 
incompressible non-conducting fluid, electrified with an equal 
quantity, e, of resinous electricity. The fluid and the containing 
tube will experience equal and opposite tangential forces, of each 
of which the time-mtegral of the Ime-mtegral round the whole 
circumference is eAM, if the nng be a circle of radius r; and 
the eflPect of the generation of the magnetic field will be to 
cause the fluid and the rmg to rotate in opposite directions with 
moments of momentum each equal to eAMvj if neither fluid nor 

* [VanouB corrections are needed in this tentative paper, marked by the author 
as to be omitted from Baltimore Lectures The 2 should be omitted m line 6. The 
current in metals is known now to be earned mainly by negative eleotrions The 
moment of momentum m § 2 and § 7 should be eAAf/2ir, and the following expres- 
sions changed aooorcUngly The ejects are of course excessively minute.] 
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ring IS acted on by any other force than that of the electro- 
magnetic induction Their angular velocities are therefore 
eAMjrWy eAMjrw^ and their kinetic energies are 

where Wj w' denote the masses of fluid and rmg 

respectively 

3 Suppose now for simplicity in the first place, the rmg 
to be embedded in ether, viewed as an incompressible solid, and 
attached to the ether in contact with it firmly enough to prevent 
slipping. The circuital impulse on the ring by the generation 
of the magnetic field will give rise to a rapidly subsiding tram 
of waves of transverse vibration, of the kmd which, m commum- 
cations to Section A of the Bzitish Association* at its meeting 
in Bnstol last September, I described as a solitary wave of the 
simplest possible kind in an elastic solid, and again, for periodic 
motion, as a very simple and symmetrical case of a tram of 
periodic waves of transverse vibration The work done by the 
circuital force on the rmg is spent on waves of this class travellmg 
outwards through ether, and m a very short time the rmg comes 
practically to rest It does not come to perfect rest suddenly by 
the departure from it of waves carrymg away all its energy , it 
subsides to absolute rest m an mfinite time accordmg to the law 

sm qt The resinously electrified fluid withm the ring contmues 
revolving with unaltered energy as long as the force of the magnetic 
field is maintained constant. 

4. The simple molecular arrangement thus imagmed supphes 
the rotatory or revolutional motion, and the '‘moment of mo- 
mentum,’’ which, forty-three years ago, I pomted outf as wanted, 
to explain simply by inertia and pressure,” the rotation of the 
plane of polarization, then recently discovered by Faraday, for 
light transmitted through heavy glass in a powerful magnetic 
field along the lines of force. In my Baltimore Lectures I showed 
that embedded gyrostats would m fact produce exactly the 
rotation of the plane of polarization m a magnetic field dis- 
covered by Faraday. The idea which forms the subject of the 
present communication shows how the fly-wheels of the gyro- 

* “On the Simplest Possible , “ On Contmmty m findulatory Theory, 

^ t D^anucal Illnstrations of the Magnetic an^ the fiehocndal Rotatory Effects 
of Transparent Bodies on Polarized Light, Prec. n, 8 I Vol. vm June 1856, 
PhxU yiag March 1857 [Baltwiofe Leetum^ Appendix P ] 


23—2 
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stats may be started into rotation in viitue of the generation 
of the magnetic field and stopped when the magnetic field is 
annulled. 

5. The simply embedded gyrostat has not, however, the 
vibrational quality which is the essential of the Stokes-Maxwell*- 
Sellmeier vibratory molecule. For this a gyrostatic vibrator, 
capable of originating from a single blow on itself a subsidential 
tram of at least 200,000 waves of light, must be connected with 
the surrounding ether by springs, having sufficient resilience to 
store up in themselves the total energy thus ladiated out. 
Taking now as gyrostat our electric doublet of vitreously 
electrified rigid hollow rmg filled with fluid resinously electrified, 
consider what must be the nature of the elastic communication 
between it and a rigid lining of a spherical hollow in ether 
around it, to fulfil some of the known conditions of radiant 
molecules 

6. (a) Let the sprmg connexion be equivalent to a simple 
force between I, the centre of inertia of ring and fluid, and 0, 
the centre of the spherical sheath, varying directly as the 
distance between those points The gyrostatic influence will be 
inoperative, and the result will be precisely the same as if we 
had a single Maxwell-Sellmeier material point at 7, of mass equal 
to that of rmg and fluid together 

(6) Let points on the ring be connected by springs ’with 
pomts on the sheath Supposing now the sheath to be held 
fixed, the stiffnesses and the tensions of these springs may be 
adjusted to gve 21 arbitrary values for the coefficients in the 
quadratic for the potential energy of any infinitesimal displace- 
ment, specified by three components of linear displacement of 7, 
and three components of rotational displacement round axes 
through 7 The well-known solution of the problem of infini- 
tesimal vibrations about a position of equilibrium of a rigid 
body, modified in respect to moments of inertia to take into 
account the fluidity of the incompressible fluid in the rmg, gives 
us immediately the periods and geometrical specifications of six 
fundamental modes of simple harmonic vibration, Hence our 

i ^ l^r'See Bajleig^i, JPhiL Mag, July 1899, q.uotmg from Caml), Umv OaUndar^ 

■ I 
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combination, serving as a radiant molecule, without magnetic 
force, would give six bright lines (understood of course that each 
of the SIX periods is withm the range of light-periods) Suppose 
now a vast number of such molecules, all equal and similar in 
every respect, but with different orientations, to be scattered 
through a flame. Each molecule, whatever its orientation, will 
give SIX Imes of the same penods, though of different mtensities 
when seen m any particular direction, according to the chances 
of orientation and of impulses. Hence each of the six bnght 
linos will be perfectly sharp. 

7. Now suppose a magnetic field to be suddenly instituted 
The moment of momentum generated in any one of the mole- 
cules is erAM cos 0, where 6 denotes the inclination of the axis 
of its rmg to the lines of force. The gyrostatic influence will 
split each of our six fundamental modes of vibration into two, 
greater than it and less than it by equal very small differences. 
These differences will be different for different molecules, because 
of the different values of 6 for their different orientations. 
Hence each bright line is not split into two sharp lines, hut is 
broadened to an extreme breadth corresponding to the value 
d = 0 No simplifying suppositions as to the character of the 
molecule, such as symmetry of forces and moments of inertia 
round the axis of the ring, can possibly give Zeeman’s normal 
results of the splitting of a bnght line into two sharp lines 
circularly polarized in opposite directions, when the light is 
viewed from a direction parallel to the lines of magnetic force , 
and the dividing of each bnght line into three, each plane- 
polarized, when the light is viewed from a direction perpendicular 
to the lines of force. Hence, although from 1856 till quite lately 
I felt satisfied in knowing that it sufficed to explain Faraday’s 
magneto-optic discovery, I now, in the light of Zeeman’s recent 
discovery, discard my old tempting gyrostatic hypothesis for an 
irrefragable reason, which is virtually the same as that stated by 
Larmor* in the following words; — Hence a principal oscillator 
magnetically tripled must be capable of being excited with 
reference to any axis in the molecule , otherwise there would 
be merely hazy broadening or duplication instead of definite 
triplication.” 

♦ Vol. xtjXv, 1897, ‘^On the theory oi the Ma^etao Influence on 

Spectra,” > 607. 
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8. It now seems to me that the theory of H. A Lorentz (of 
Leyden), as expressed by equations (1) in Zeeman’s first paper 
‘'On the Influence of Magnetism on the Nature of the Light 
emitted by a Substance V* is essentially true 

9. Though it cannot explain Zeeman’s discovery, the mole- 
cular rotation caused by the institution of a magnetic field, 
which 18 the subject of the present communication, may, however, 
be considered as interesting not only because the idea of it seems 
to be new in electromagnetic theory, but also because it may 
conceivably constitute the explanation of Faraday’s diamagnetism. 
Go back to §§ 2, 3 above, and remark that if a body containing a 
vast number of the molecules there described is situated between 
the poles of a steel magnet, the total energy will be gi eater than 
if there were nothing but ether between the poles, by a difference 
equal to the kinetic energy of the motion of the resmously 
electrified fluid. Hence if a body containing the supposed 
congregation of molecules is movable, it must be repelled from 
the place of strong magnetic force between the poles to places of 
weaker force further firom them. 

* Fhil Mag Vol xliu 1897, p 226. 


176. Molecular Dynamics of a Crystal. 

[From Edtnh Roy Roc Proc YoL xxrv. [read Jan 20, 1902], pp. 206 — 224 j 
Phil Mag Yol iv July, 1902, pp 139 — 166 , Naiure^ Vol. Lxv. Feb 27, 
1902, p 407 Reprinted m Baltimoi'e Lectures^ Appendix J, 1904, 

pp. 662—680 ] 


177. ^piNus Atomized. 

\From the Jubilee Volume presented to Pro/ Bossoha in Nov, 1901.] 

[Phd Mag Yol in March, 1902, pp 257 — 283 Reprinted in Baltimore 
Lectures^ Appendix E, 1904, pp. 641—668 ] 
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178. Accoxjnt of experimental Investigations to answer 
Questions originating in the Mechanical Theory of 
Thermo-electric Currents. 

[Fiom Roy Boo Proc Vol ill [read May 1, 1864], p, 266. Abstract] 

In this communication the mode of experimentmg was de- 
scnbed by which the experimental results quoted in the theoretical 
paper were obtained, and the prmcipal parts of the special 
apparatus, which had been constructed and used m the investigation, 
were laid before the Royal Society. 


179 On the Heat produced by an Electric Discharge 

[From Phil Mag Vol vn May 1864, pp. 347, 348 ] 

To the Editors of the Philosophical Magadne and Journal, 

2 College, Glasgow, 
AprU 19, 1864 

Gentlemen, 

It has been pointed out by M, Clausius, m a letter addressed 
to you and published in the last Number of your Magazme, that 
the first discovery of the true relation between the generation of 
heat in the discharge of a Leyden phial and the quantity of the 
previous charge is not, as I had stated it to be, due to Joule, but 
that it had been given in a paper published about three years 
earlier by Riess. I may be allowed to explain, that, in makmg 
the statement in question, I considered the law of that relation as 
an evident corollary from the great pnnoiple> that the whole heat 
generated in any discharge of electricity is exactly the equivalent 
in thermal energy for the mechanical value of the electncal charge 
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winch IS lost* There is no doubt who is the disco verei of this, 
and the origmator, m your most valuable Magazine, of the theory 
of mechanical equivalence among the electric, chemical, magnetic, 
frictional, and pneumatic developments of energy, which has within 
the last two or three years attracted so many investigators 

The mere law, that the heat generated by the discharge of a 
Leyden phial or battery is proportional to the square of the 
quantity of electricity m the previous charge, is not, as I inad- 
vertently stated, due to Joule, neither is it, as M. Clausius seems 
to suppose, due to Riess Becquerel, I find, m his TraitS de 
VElectnciU (Vol IIL p 150, published m 1835, or two years earlier 
than the paper referred to by M Clausius), enunciates it quite 
exphcitly as having been established by “Cuthbertson and others, 
who had used electrometers m measuring the calorific action of 
the discharge of a battery'' Mr Joule, too, although in his first 
publication he only referred to the researches of Snow Hams 
which had recently appeared m the Philosophical Transactions, 
remarks in a subsequent paper (On the Heat disengaged m 
Chemical Combmations, Phil Mag June 1852), “that Brooke and 
Cuthbertson found that the length of wire melted by an electrical 
battery varied nearly with the square of its charge", and at the 
same time he refers to the researches of Riess on the calonfic 
effects of frictional electricity, acknowledgmg their priority to 
his own researches on the heat generated by continuous electric 
currents 


I remain. Gentlemen, Yours very faithfully, 

William Thomson. 


* The appUoation of this pruaoiple to the discharge of a Leyden phial shows 
that the whole heat generated mnat be eq.ual to j if j denote the 

mechanioal equivalent of the thermal unit, Q the amount of the charge, r the 
thioknesB of the glass, I its specific inductive capacity, and S the area of either 
side of the coated surface , a conclusion which wants no other expenmental veri- 

fioation than snob as may he considered desirable for verifying that I is the 

true expression for the capacity of a Leyden phial 
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180 . On Me Whitehouse’s Eblat and Induction Coils 
IN Action on Shoet Cieouit* 


[From Britisk Association Report^ 1867, pt n p 21 Abstract.] 

The peculiaritaes of Mr Whitehouse’s mduction coils, which 
fit them remarkably for the pm pose for which they are adapted, 
as distinguished from the mduction coils by which such brilliant 
effects of high intensity are obtained, were described. The chief 
part of the telegraphic receiving apparatus, the relay, was fully 
descnbed, and was shown in action, through thirty yards of the 
Atlantic cable, after some remarks explaimng the general nature 
of a relay, — an electrical hair-trigger. The relation of Mr White- 
house's relay to the Henley receiving instrument was pointed 
out. The author expressed his conviction, that by using Mr 
Whitehouse's system of taking advantage of each motion for a 
single signal, instead of the to-and-fro motion, as in all systems 
hitherto practised, the Henley single needle instrument might be 
easily used, so as to give as great a speed on one line of wire 
alone, as is at present attained by two with the double needle 
instrument The beautiful method of reading by bells would be 
most ready and convenient for giving the indications to be mter- 
preted as the messages, but the author behevea that either by the 
eye or ear, messages may be read off with the rapidity and ease 
which will render the use of one telegraph wire in all respects as 
satisfactory as that of two. 

♦ [On the working of the early Atlantic Cable of. Math, and Phys. Papers, 
Vol, n , especially pp. 92 — 112.] 
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181 On the Effects of Indtjotion in Long Submarine 
Lines of Telegraph 

[From British Association Report^ 1867, pt n pp. 21, 22 Abstract ] 

A GENERAL explanation of the theory was given, and the “law 
of squares’^ was proved to be rigorously true It was pointed out, 
that when the resistances of the instruments employed to generate 
and to receive the electric current are considerable in comparison 
with the resistance of the line, the observed phenomena do not 
fulfil the law of squares, because the conditions on which that law 
IS founded are deviated from The application of the theory to 
the alternate “positive'' and “negative" electrical actions used by 
Mr Whitehouse for telegraphmg was explained, and the circum- 
stances which practically limit the speed of working were pointed 
out. Curves illustratmg the enfeeblement of the current towards 
the remote end of the telegraph line, and the consequent necessity 
of the high pressure system mtroduced by Mr Whitehouse, were 
shown The embarrassment occasioned by the great electrical 
effect through the wire, which follows the commencement of a 
senes of umform signals with a full strength of electrical force, 
was illustrated m one diagram, which showed a succession of eight 
impulses following one another at equal intervals of time, and 
givmg only one turn of the electrical tide at the remote end, 
or two motions of the relay, mcluding the mitial effect The 
remedy suggested by the author was illustrated by another diagram, 
in which a succession of seven equal alternate applications 
of positive and negative force, followmg a first impulse of half 
strength, was shown to give seven turns of the tide at the remote 
end, and therefore eight motions of the relay, following one another 
at not very unequal intervals of time. 
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182. On [fault] Phenomena of Submerged 
Atlantic Cable. 

[Prom Letter to J. P. Joule, dated Sept 26, 1868 , Manchester Phil 
Soo, Proo Yol L [Oct 5, 1868], pp 60—62,] 

Instead of telegraphic work, which, when it has to be done 
irough 2,400 miles of submarine wire, and when its effects are 
Btantaneous interchange of ideas between the old and new 
orlds, possesses a combination of physical, and (in the original 
►use of the word) metaphysical interest, which I have never 
xuxd in any other scientific pursuit — instead of this, to which 
looked forward with so much pleasure, I have had, almost ever 
nee I accepted a temporary charge of this Station, only the dull 
id heartless busmess of investigating the pathology of ‘‘faults’’ 
I submerged conductors A good deal that I have learned m 
us time has, I believe, a close analogy with some curious 
henomena you have described, and which you partially shewed 
le last winter, regarding mtermittent effects of resistance to the 
asaage of an electric current between two metal plates in a 
quid. Thus I have been informed by Mr France, of the Sub- 
larine and Mediterranean Companies, who has had long experience 
L testing and working submarine cables, that he has frequently 
bserved, when applying constant electromotive force to one end 
f a submerged cable in which there is a bad defect of insulation, 
lat the indicating needle of hia galvanometer has continued 
scillating through nearly the whole range of its scale without 
ny apparent cause. Phenomena of the same kind, to a greater 
r less degree are, I believe, familiar to all careful observers who 
ave been engaged in submarine telegraphing. Another veiy 
^markable feature of the insulation of gutta-percha-covered 
dre, IS the difference in the effects of positive and negative 
lectrifications. 

It is well known tihat a fanlt of insulation in an actually 
d'bmerged cable causes a much gi^^ter loss of current when the 
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Wire 18 negatively, than when it is positively electrified, and that 
if after the wire has been left to itself, or has been negatively 
electrified for some time, a positive electrification be applied and 
maintamed, the insulating power (resistance to loss) gradually 
rises, and continues rising, minute after minute, sometimes 
even sensibly for hours, as is shown by the current from the 
battery at one end of the cable, gradually diminishing, while the 
current through the other end, if put to earth, gradually rises in 
strength. On the fourth day after the end of the cable was 
landed here, I found that a positive current entering from ten 
cells of a constant battery fell in the course of a few minutes to 
half strength When the battery was next suddenly reversed, 
the negative current rose, and remained after that nearly constant, 
at about the same degree of strength as that at which the positive 
current had commenced The same kind of action is, I have 
learned, certamly observed m cables actually submerged, and 
known to have faults in the gutta percha, by which the conductor 
becomes exposed bo the water, and this has been attributed to 
electrolytic action upon the water givmg rise to oxydation, or 
to the evolution of hydrogen at the surface of the copper, according 
as it is positively or negatively electrified, relatively to the earth 
at the spot. 

I had observed the same difference as to insulating power 
for positive and negative charges, at Keyham, the cable being 
dry, and therefore think that the electroljftic explanation is 
either msufficient, or implies a very remarkable electrolytic 
action on gutta percha itself, or on pitch, or possibly moisture in 
crevasses. 

In some experiments on artificial faults placed in basons of 
sea water, I have paid particular attention to the green and white 
mcrustations, observed according as the current is from imperfectly 
protected wire to water or the reverse. The latter is very remark- 
able, and appears like an exudation on the bark of a tree, when 
the fault consists of a mmute mcision or aperture. In the last 
case there is always a fine passage or crater in the middle, by 
which bubbles of hydrogen escape. 
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183 On Photographed Images of Electric Sparks 


[From Gla ^ g , Phil Boc Ptog YoL iv. [road Dec 14, 1869], 
pp 266, 267 Abstract ] 

Professor W Thomson exhibited photographed linages of 
electric sparks reflected from a revolving mirror, which a few days 
since he had received from Mr Feddersen of Leipsic, and which 
afforded a remarkable illustration of the ‘'oscillatory discharge” 
indicated by dynamical theory as occurring, when a Leyden phial 
of not too great electrostatic capacity is discharged, by a sufficiently 
easy conducting tram, through a channel presenting sufficient 
"induction on itself ” or " electro- dynamic capacity.” The occur- 
rence of an oscillatory discharge, under certain conditions, had 
been first anticipated by Helmholtz, in his Erhaltvng der Kraft 
(Berlin, 1847) The law of discharge, when the discharging tram 
possesses no sensible electrostatic capacity, had been fully m- 
veatigated and the conditions under which it takes place with 
oscillations discriminated from those under which it takes place 
with continuous subsidence, had been determmed, m a mathe- 
matical paper communicated to this Society about seven years 
ago "On Transient Electric Currents” — Prooeedings of Glasgow 
Philosophical Society, January, 1863, and Philosophical Magazine, 
June of same year, [Math, and Phys Papers, Vol. i. p. 634,] 

At that time the numerical relation between electrostatic and 
electrodynamic umts had not been determined, and therefore a 
certain coefficient in the mathematical formula was left for 
experimental investigation. The want has been since supplied 
by W. Weber, who has continued the system of absolute measure- 
ment inaugurated by himself and Gauss for terrestrial magnetism, 
and has extended it with the greatest advantage into every 
department of electric and magnetic^ science The consequence 
is that the mathem^^tioal formula fbr an electnC discharge can 
now be fully reduced to numbers, the tuitetion as to whether it is 
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oscillatory or continuous applied, and, when it is oscillatory, the 
time of an oscillation determined for any stated dimensions and 
form of apparatus. Professor Thomson further stated that he had 
calculated dimensions, &c, and found that arrangements could 
readily he made to give rise to oscillations in periods not less 
than ^ second, which could therefore he easily shown by 

Wheatstone’s method of the revolving mirror, as he had antici- 
pated might he possible when he first communicated his mathe- 
matical investigation to this Society The barred appearance of 
each of the photographic images now before the Society would, 
if the rate of rotation of the mirror, and the distance from it of 
the plate receiving the impression, were known, be enough to 
determine the period of the electric oscillation by which they had 
been produced. He hoped soon to have particular information 
as to these and other details from Mr Feddersen, and so be able 
to make a thorough numencal verification of the theory, which he 
would not delay to lay before the Society 
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184 . Report op Committee appointed to prepare a Self- 
recording Atmospheric Electrometer for Kew, and 
Portable Apparatus for observing Atmospheric Elec- 

TRICIIT. 


[From British Association Report ^ 1860, pp 44, 46 ] 

Your Committee, acting according to your instructions, applied 
to the Royal Society for £100 out of the Government grant for 
scientific investigation, to be applied to the above-mentioned 
objects This application was acceded to, and the construction 
of the apparatus was proceeded with. The progress was necessarily 
slow, in consequence of the numerous experiments required to find 
convenient plans for the different instruments and arrangements 
to be made An improved portable electrometer was first com- 
pleted, and IS now in a form which it is confidently hoped will be 
found convenient for general use by travelleis, and foi electrical 
observation from balloons A house electrometei, on a similai^ 
plan, but of greater sensibility and accuracy, was also constructed 
Three instruments of this kind have been made, one of which 
(imperfect, but sufficiently convenient and exact for ordmary work) 
IS now in constant use for atmospheric observation m the laboratoiy 
of the Natural Philosophy Class in the University of Glasgow 
The two others are considerably improved, and promise great ease, 
accuracy, and sensibility for atmospheric observation, and for a 
large variety of electrometric researches Many trials of the 
water-dropping collector, described at the last Meeting of the 
Association, were also made, and convement practical forms of the 
different parts of the apparatus have been planned and executed, 
A reflectmg electrometer was last completed, in a working form, 
and, along with a water-dropping collector and one of the im- 
proved common house electrometers, was deposited at Kew on 
the 19th of May A piece of clockwork, supplied by the Kew 
Committee, completes the apparatus required for establishing the 
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self-recording system, with the exception of the merely photo- 
graphic part It IS hoped that this will be completed, under the 
direction of Mr Stewart, and the observations of atmospheric 
electricity commenced, in httle more than a month from the 
present time In the mean time preparations for observing the 
solar eclipse, and the construction of magnetic instruments for the 
Dutch Government, necessarily occupy the staff of the Observatory, 
to the exclusion of other undertakings It is intended that the 
remainmg one of the ordinary house electrometers, with a water- 
dropping collector, and the portable electrometer referred to 
above, will be used during the summer months for observation 
of atmosphenc electricity m the Island of Arran Your Com- 
mittee were desirous of supplymg portable apparatus to Prof 
Everett, of Windsor, Nova Scotia, and to Mr Sandiman, of the 
Colomal Observatory of Demerara, for the observation of atmo- 
sphenc electricity m those locahties , but it is not known whether 
the money which has been granted will suffice, after the expenses 
yet to be incurred m establishmg the apparatus at Kew shall 
have been defrayed In conclusion, it is recommended to you for 
your consideration by your Committee, whether you will not 
immediately take steps to secure careful and extensive obser- 
vations in this most important and hitherto imperfectly investigated 
branch of meteorological science For this purpose it is suggested, 
— 1, that, if possible, funds should be provided to supply competent 
observers in different parts of the world with the apparatus 
necessary for making piecise and comparable observations m 
absolute measure, and 2, that before the conclusion of the present 
summer a commencement of the electrical observation from balloons 
should be made. 


185. Velocity of Electricity 

[From Niohora Gydopcedia [second edition], 1860 Reprinted m Math, and 
Phys Papers^ Vol n art Ixxxi, pp 131 — 137 , and in extended form in 
Baltimore Lectures^ Appendix L, 1904, pp 688 — 694 ] 
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186 On the Measubement of Electeio Resistance. 

[From Roy Soe Proc VoL xi 1860 — 1862 [read Jane 20, 1861], pp 313 — 
328 ; Anndl de GhimiSy Vol Lxvil. 1863, pp 501 — 606 , Phil Mag 
Vol XXIV. Aug 1862, pp. 149—162.] 

Part I. New Electrodynamic Balance for resistances of short 

bars or luires. 

In measuring the resistances of short lengths of wire by 
Wheatstone’s Balance*, I have often experienced considerable 
difficulty m consequence of the resistances presented by the 
contacts between the ends of the several connected branches or 
arcs This difficulty may generally be overcome by soldering or 
amalgamating the contacts, when allowable , but even with 
soldeied connexions there is some uncertainty relating to the 
dimensions of the solder itself, when the wires tested are very 
short When soldering was not admissible, I have avoided being 
led into error, by repeating the experiment several times with 
slightly varied connexions , but I have in consequence sometimes 
altogether failed to obtam results by either Wheatstone’s or any 
other method hitherto practised, as for mstance m attempting to 
measure the electric resistances of a number of metallic bars each 
6 millimetres long and 1 millim, square section, which were 
put into my hands by Mr Calvert of Manchester, being those of 
which he and Mr Johnstone determined the relative thermal 
conductivities m their investigation published in the Transactions 
of the Royal Society for March 1858. I have thus been compelled 
to plan a new method for measuring electric resistances m which 
no sensible error can be produced by uncertainty of the connexions, 
even though made with no extraordinary care. 

* I have given this name to the beautiful arrangement first invented by Pro- 
fessor Wheatstone, and called by himself a “ differential resistance measurer ” It 
IB frequently called “ Wheatstone’s Bridge,” especially by German writers. It is 
sometimes also, but most falsely, caUed “ Wheatstone’s Parallelogram ’ 


K V 
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Let AB and CD be the standard and the tested conductors 
respectively Let the actual standard of resistance be the resistance 
of the portion oi AB between marks* S, S' on it, and let it be 
required to find a portion TT' of GD which has a resistance either 
equal, or bearmg a stated ratio, to that standard 

Join BO either by direct metalhc contact between them, or by 
any ordmanly good metalhc connexion with binding screws or 
otherwise , and join the two electrodes of a galvanic element to 
their other ends. A, JD Let OPE and KQL be two auxihary 
conductors, which, to avoid circumlocutions, I shall call the primary 

AS S'B CT T'D _ 

^ K“'L H" 



and the secondary testmg-conductors respectively, with their ends 
apphed to the marked points S^ T\ S\ T Let P and Q be pomts 
in these conductors to which the electrodes of the galvanometer 
are to be apphed. 

It IS easily seen, and will be demonstrated below, that if the 
resistances of the testmg-conductors be similarly divided m Q and 
P, and if their ends be m perfect conducting communication with 
the marked pomts of the mam hne to which they are apphed, the 
condition that the galvanometer mdication may be zero is that 
the ratio of the resistances of the standard and tested conductors 
must be the same as that m which the auxiliary conductors are 
each divided Further, it is clear that by making the testmg- 
conductors of mcomparably greater resistances than any that can 
exist m the connexions at S, S\ T, T\ which can easily be done if 
these connexions are moderately good, the error ansmg from such 
imperfections as they must present may be made as small as is 

* On the same pnnoiple as the “m^tre A traits ’ instead of the “m^tre i 
bonta” for a standard of length. 
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lequired* To demonstrate the above and to form an accurate 
idea of the operation of this method, it is necessary to investigate 
the difference of potentials (electromotive force) produced between 
Q and P, when a stated difference of potentials, P, is maintamed 
between S and 

Let jSS'j TT' denote the resistances between the marks, on the 
standard and tested conductors respectively Let QPE, QP, PH, 
KQL, EQ^ QL denote the resistances of the testing-conductors and 
their parts according to the diagram, implying that 
OPS =GP^ PH, and KQL ^ KQ + QL 
Let SQ, HT\ 8'E, LT be the resistances in the connexions at the 
marks j let 

SO + GPH -h HT be denoted by SPT\ 

* This metliod maybe readily applied to Siemens’s mercnxy standards (see Phil 
Mag Jan 1861, oi Poggeiidorff's Amialen, 1860, No 6), by introducing platinum 
wires through holes in the glass tube near its ends, as electrodes for the teating- 
conduotors, and wires or plates of platinum at the ends, as electrodes for one pole 
of the battery and for connexion with the conductor to be compared with it, 
respectively. It will then not be the whole Ime of meroui’y from end to end, but 
the portion of it between the two platinum wires first mentioned, that will be the 
actual standard The objection agamst the use of mercury as a standard of 
zesistance, urged by Matthiessen, that the amalgamated copper electrodes which 
Siemens found necessary to give very perfect end connexions must render the 
mercury impure and increase its resistance sensibly after a time, is thus completely 
removed It must be shown, however, that different specimens of commercial 
mercury, dealt with m the manner prescribed by Siemens, to remove impurities, 
shall always be found to have equal specific resistances, before hia proposal to 
produce independent standards by filling gauged tubes with mercury can be 
admitted as vahd But the transportation and companson of actual standards 
between different experimentei s m different places is, and probably must always 
be, the only way to obtam the most accurate possible common system of meaewe- 
ment and when a piopei mutual understanding between electricians and national 
scientific academies, m all parts of the world, has been arrived at, as it is to be 
hoped it may be soon, through the assistance of the British Association and Royal 
Society if necessary, the use of definite metallic standards, whether the liq.md 
mercury as proposed by Siemens, on the one hand, or the solid wire, alloy of gold 
and silver, on the other hand, proposed by Matthiessen {Phil Mag Feb 1861), 
would be essential only m the event of all existmg standards bemg destroyed 

Weber’s absolute system is often referred to as if its object were merely to fix 
standards of resistance, and the difficulty and expense of applying it mdependently 
have been objected to as fatal to its general adoption In reahty its great value 
consists in the dynamic conditions which it fulfils, with relation to electro-magnetic 
mduotion, and to the meohamoal theones of heat and of electro-chemical action 
But it most probably will also be much more accurate than any definite metalho 
convention, for the re- establishment of a common metrical system, m case of the 
destruction of all existing standards 
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and S'E + KQL + LT be denoted by 8'QT] 

and let S'BOT denote the resistance between 8' and T composed 
of the resistance in the connexion and the resistances in the 
portions of the main conductors from the marks 8' and T to their 
ends. Lastly, let R denote the resistance in the double channel 
S^RGT] 

S'QT J ^ well-known principles of 

electric conduction, we have 

R: 


+ 


1 


S'BGT^ 8'QZ 


...( 1 ) 


for the resistance in the double arc between 3' and T. Then, by 
addition, we have 

SS' + R + TT' 


for the resistance from 8 to T' by the channel 83' \ 


■8'BGT) 
S'QT I 


TT'. 


This whole resistance is divided, by Q and its equipotential point 
in the direct channel S'BGT, into the parts 


88' + {8'Q/S'QT) B and {QT/8'QT) . R + TT'. 


Hence if, for simplicity, we suppose the potential at 8 to be 0, 
and at T' to be E, and if we denote by q the potential at Q, 
we have 


88'-v{8'QI8'QT) B 
88' + R+TT' 


.( 2 ). 


Again, smce P divides the resistance between 8 and T', along the 
channel SPT', mto the parts 8P and PT', we have 

p = E(8PlSPT') (3), 

if we denote by p the potential at P. Hence 

^_„_pSS' + (8'QI8'QT) R - (8PI8PT') (88' + B + TT') 

“ S8' + R + TT' ■ ’ 


or, smce 1 - (8P/8PT') = (PT'/8PT'). 
PT' 8P 


_ B8'~ TT' I R ( ^ ^ 

^ 8PT' 8PT'--^^ ^^\8'QT 8PT') 


q —p = E 


88' + R+TT' 


...(4). 


Now let us suppose that, by varying one or more of the 
component arcs m the balance-circuit, we reduce the galvanometer 
mdication to zero, that is to say, make q —p = 0. We shall have 



1861] ON THE MEASUREMENT OF ELECTRIO RESISTANCE 373 


by equating the numerator of the preceding expression to zerO; 
and resolving for TT\ 

TT = (PT'ISP) ,88'^R {{SPri8'QT) {8'QjSP) - 1} . . .(5). 

To interpret this expression, it may be remarked that if the second 
term vanishes, that is to say, if 

B {{8PT'I8'QT) (S'Q/SP) - 1} = 0 | 
we have TT' = {PT'ISP). S8' ) 

and this is the condition aimed at in the arrangement Now the 
connexions at S and T' must be made so good that the resistance 
80 in the first is inappreciable in comparison with OP, and the 
resistance H'T', in the second, inappreciable in comparison with 
PH , so that we may have 

PT'ISP ^PHjOP, 

where H denotes an equality not perfect, but having no appreciable 
error , and hence 

TT't:[{PHI0P).S8'. 

The condition 

R{{8PT'18'QT) {8'QISP)-l]tiO 

IS to be secured by one or other of two ways or by both combined , 
that is, by making 

BHO (a) 

or {SP'T’IS'QT) (S'QISP) HI (&), 


or each as nearly as possible. If the connexion BO were quite 
perfect and the marks 8' and T were at the very ends of the 
conductors, the condition (a) would be fulfilled and there would 
be no necessity for the condition (6). We should then have a 
perfect Wheatstone balance, — the secondary testing-conductor 


K 

L 


Q becoming merely a part 


of the galvanometer electrode. 


Hence whenever the resistance S'T can be made absolutely in- 
sensible, Wheatstone’s balance leaves nothing to desire, provided 
the ends of the testing-conductor are applied to marked points on 
the standard and tested conductors, and the battery electrodes to 
their outer ends, or to points of them between their outer ends 
and those marked points. When, however, as very frequently is 
the case, S'T may be made stpall but not absolutely insensible in 
comparison with the resistances of the standard and tested con- 
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ductors, the addition of the ‘'secondaxy testing-conductor” becomes 
valuable, even if it be only arranged to give a rough approximation 
to the condition (SPT'/S'QT) {S'Q/8P) = 1 aince it will xeduce 
the error to the fraction (SPT^/S'QT) (S'Q/SP) - 1, of the small 
resistance Mj" But further, when, as in experiments on short 
thick bars like those of Mr Calvert, S'T cannot by any manage- 
ment be got to be small m comparison with TT\ the use of the 
secondary testing-conductor becomes essential, and the most 
accurate possible fulfilment of the condition 

{8Pri8'QT),{8'Qj8P)m 

must be aimed at This is to be done by dividing the secondary 
testmg-conductor at Q, in very exactly the same ratio as the 
primary at P, and takmg care that the resistances in the 
connexions LT are very small in companson with KL 

and Qi. 


Part II. Sugge^ions for carrying out these principles 
in practice, 

* 

When high accuracy is not required, the two testing- 
conductors ” may be made of wires stretched straight in parallel 
lines, and the connexions for the galvanometer electrodes may be 
applied to them by means of a slide on a graduated scale — as in 
one of the common forms of Wheatstone’s balance, with sliding 
contact on single testmg-conductor. This form is very objection- 
able, however, whether for Wheatstone’s balance or the method 
I now propose- (1) because it is impossible to secure that the 
different parts of each testing-conductor shall be accurately at 
the same temperature; (2) because the resistances at the ends of 
the fine stretched wire or wires are always sensible in companson 
with the smallest measured differences produced by the slide, 
(3) because the stretched wire itself is never of absolutely equal 
gauge throughout, and, even if sensibly so when first put into the 
instrument, soon ceases to be so in consequence of the friction of 

* This of course is equivalent to x \x S^QT , and means that the 
secondary conductor is to be divided by one galvanometer electrode in the same 
proportion as the primary is divided by the other, 

t In suohi cases R will, according to equation (1) above, be nearly equal to 
jS'ROTf Bon^ewhai leas. 
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the sliding contact which it experiences in use*, (4) because, in 
even the hastiest experiments, provided a rationally planned 
galvanometer is used, a far higher proportional degree of accuracy 
IS easily attained in measuring electrical resistances against a 
standard of resistance than can be at all attained, without very 
extraordinary piecautions and the assistance of a microscope, m 
measuring lengths under a yard or two against a standard of length. 

When the highest acciu acy is required, I always use for primary 
testing-conductor the bisected conductor which I described to the 
British Association at its Ghisgow meeting in 1856, This consists 
of a fine, very perfectly insulated wire, doubled on itself and wound 
on a bobbin, with very stout terminals soldered to its ends, and 
an electrode soldered to its middle, for joming to the galvanometer 
electrode The two terminal and the middle electrodes thus 
attached to the testing-conductor, I have generally hitherto made 
flexible, either of thick wire, or strand of wires hke the conductor 
of a submarine cable , but, for many applications, it is more con- 
venient to make them solid metal blocks, with binding screws, 
msulated rigidly upon the bobbin which bears the conductor. 
The two halves into which the conductor is doubled must be very 
accurately equalized as to electric resistance when they are wound 
on the bobbin, and before the terminals are finally attached. This 
I find can be done with great accuracy, and when, after the 
terminals are soldered on, the electric bisection is once found 
perfect, it seems to remains so, without sensible change, for years. 
The close juxtaposition of the two branches of the testing-conduCtor 
on this plan ensures an almost absolute equality of temperature 
between them m all circumstances, and thus renders easy a degree 
of accuracy in the measurement of resistances quite linattainable 
with any other form of Wheatstone's balanco. In the new method 
which I now propose for low resistances, I make the secondary 
conductor on exactly the same plan, and generally of about the 
same dimensions, as the primary. The bisected testing-conductors 
are only available when the resistances of the standard and of the 
tested conductor can be made equal , and with them the method 
which has been described above seems to be the most accurate 
possible for testing a perfect equality of resistance between two 
conductors 

* This defect I have remedied by frequently putting in a new wire lor testing-, 
conduotor m working with a sliding-scflle Wheatstone's balance. 
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The flame plan of testing-conductors seems still the best, even 
'when testing by equahty cannot be practised, — with only this 
difference, that the two branches of each testing-conductor, instead 
of being made of equal resistance, must be adjusted to bear to 
one another very exactly the ratio which the tested resistance is 
to bear to the standard By proper care, to prevent the bobbin 
of either testmg-conductor from gettmg any non-umform distribu- 
tion of temperature, great accuracy may still be secured , but it is 
scarcely possible to maintain so very close an agreement of tempera- 
ture, and therefore so constant a ratio of resistances, as when the 
two branches are equal lengths of one wire coiled side by side 

The use of this plan of conductors divided in a fixed ratio, 
whether for the smgle testmg-conductor in Wheatstone's balance, 
or for the primary and secondaiy testmg-conductors m the new 
method now proposed, requires that either the standard or the 
tested conductor can be varied so as to adjust the resistance of 
one to bear precisely that ratio to the resistance of the other. In 
certain cases this may be done advantageously by shifting one or 
other of the contacts S, 8\ T, T' along the standard or the tested 
conductor, as the case may be If, for instance, T or I" can be 
shifted conveniently, the object of the measurement may be to 
find by trial on the tested conductor a portion TT' from mark to 
mark, of which the resistance bears a stated ratio to the fixed 
standard 8S' from mark to mark. But by far the easiest working, 
and in most cases the most accurate also, is to be done by means 
of a well-arranged series of standards with terminals adapted for 
combining them in such a manner as to give to a minute degree 
of accuracy whatever resistance may be required. In a future 
communication on standards of electric resistance, I intend to 
describe plans for attaining this object through a wide range of 
magnitude (resistances from 10'^ to 10^® British absolute units of 
feet per second on Weber's invaluable system), In the moan 
time I shall merely say that I have formed a plan which I expect 
will prove very advantageous for low resistances, and which 
consists in combining the standards, whichever of them are 
required, in multiple arc (or '^parallel’' arcs, according to an 
expression sometimes used), so as to add their ooniuoting powers*^ 

* The reciprocal of the resistance of a “conductor’’ or “arc” I call its con- 
ducting power. The conducting power of a bar or wire of any substance one foot 
long and weighing one grain, I call the specific conductivity of its eubstafice. 
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— instead of in series, as in all arrangements of resistance coils 
hitherto used, by which the Tesistanoes of the component standards 
are added. 


Part III, General Remarks on Testing by Electro- 
dynamic Balance. 

I shall conclude by remarking that the sensibihty of the 
method which has been explained, as well as of Wheatstone’s 
balance, is limited solely by the heating effect of the current 
used for testing. To estimate the amount of this heatmg effect, 
let 6 and / be the parts of the whole electromotive force, E, which 
act m the standard 8S\ and tested conductor TT' respectively ; 
so that, m accordance with the notation used above, we have 

8B' + R-{-TT'’ SS' + R+TT' 

of its substg.nce Following Weber, I define the resistance of a 
bar or wire one foot long, and weighing one gram, its specific 
resistance It is much to be desired that the weight-measure y 
rather than the diameter or the volume-measure^ should be generally 
adopted for accurately specifying the gauge of wires used as electric 
conductors 

With reference to either S8' or TT^ (the first, for instance), let 
us use the following notation : — 

I its length in feet ; 
w its mass per foot in grains ; 
s the specific heat of its substance ; 

<r the specific resistance of its substance. 

Thus, since we have taken S8^ to denote its actual resistance, 
we have 

SS'^<rl/iu, 

Now, Weber’s system of absolute measurement for electro- 
motive forces and for resistances being followed, I have shown* 
that the mechanical value of the heat generated 'per unit of time 
in any ficoed condudqp of uniforrn m$tall%o substance is equal to the 

* In a Of BleotrolyBlB,’* Philosophical 

MagajsinOy Dae, ISW. m4 Phps ^ Vnl* t p. 472.] 
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square of the eleotromotive force between its extremities^ divided hy 
its resistance This m the present case is equal to 

e^wj(lcr ) ; 

and if/ denote Joule's mechanical equivalent of the thermal unit, 
we therefore have 

e^wj{Jlcr) 

for the rate per second at which heat is generated in SS\ This 
will at first go entirely to raise its temperature^. Now wl is its 
mass in grains, and therefore wls is its whole thermal capacity ; 
and if we divide the preceding expression by this, we find 

for the rate per second at which it commences to nse in tempera- 
ture at the instant when the battery is applied If we call ejl 
the electromotive force per foot, we may enunciate the result 
thus 

The rate at which a linear conductor of unifoimi metallic 
substance commences rising in temperature at the instant when an 
electric current commences passing through it^ is equal to the square 
of the electromotive force per unit of length divided by the continued 
product of Joule's equivalent into the specific heat of the substance^ 
into the specific resistance of the substance. 

Let us suppose, for example, that the conductor in question is 
copper of best electric conductivity Its specific resistance will be 
about 7 X 10^ and its specific heat about 1. The value wo must 
use for Joule's equivalent will be 32*2 times the number I3f)0, 
which Joule found for the mechanical value in foot-grains of the 
thermal umt Centigrade, since the absolute unit of force, being 
that force which acting on a gram of matter during a second of 
time generates 1 foot per second of velocity, is 1/32*2 of the 
weight of a gram m middle latitudes of Groat Britain. Thus we 
find 

/= 44758. 


* As soon as it has risen sensibly in temperature it will begin to give out beat 
by conduction, or by oonduotion and radiation, to the surrounding matter ; and the 
rate at which it wiU go on rising m temperature will be the rate expreesod by the 
formula in the text (with the true speciflo resistance, «fco., for each temperature), 
diminished by the rate of loss to the surrounding matter. 
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Hence the expression for the rate in degrees Cent per second, at 
which the temperature begins rising m a copper conductor, is 

(e/Z)V(313 X IQS). 

I have found the electromotive force of a single cell of DanielVs 
to be about 2’3 x 10® British absolute units*, and if we suppose 
Ijn of this to go to each foot of the conductor in question, we 
shall have 

{ejVf = (2 32 X lO'V'n^) = (5 29 x , 

and therefore the expression for the rate of heating becomes 

1 69 X (100/?!®) 

Now, by using a sufficiently large single cell, we may make 
the electromotive force, E, between S and T\ be as little short as 
we please of the whole electromotive force of the cell We might 
then, in testing by equality, with a standard and a tested conductor 
each three inches or so long, and using a single cell, have nearly 
as much as half the electromotive force of one cell acting per 
quarter foot Of these conductors, or two cells per foot. Hence if 
either is of best conductive copper, its temperature would commence 
rising at the rate of 4 x 169° or 676° Cent per second It would 
be almost impossible to work with so high a heating effect as this. 
But if we use only -j^^th of the supposed electromotive force, that 
is to say -J-th of a cell per foot of the copper conductor, the rate of 
heating will be reduced to that is to say, will be 6 76° per 
second. By using only very brief battery applications, it would 
be possible to work with so high a rate of heating as that, without 
having the results much vitiated by it. But of a cell per foot 
will give only '0676° of heating effect per second, and will be 
quite a sufficient battery power to use in most cases. In the C€ise 
we have supposed, for instance, of conductors only three inches 
long, the electromotive force on each would then be about > 5 ^^ of 
the electromotive force of the cell What we denoted above by e 
and f m equatipns ( 7 ) would therefore each have this value. 
Hence, by equation (4), we see that the effect of a difference of 
between 8S^ and TT would be to give g - p the value 
of the electromo^ve force of a single cell Now one of the light 
mirrorf galvanometers, which I commonly use, reflecting the 

* tM BocUty^ ]fet)rusry IS6Q. 

+ it ^ feiid© of tkm ” about tbroe-aights of m 

mob 14 wtvejred in the oJrdJimo- a Bmall pieo© of flat file 
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image of a gas or paraffine lamp to a scale 25 inches distant, 
would, if made with a coil of 60 yards of copper wire of moderate 
quality, weighing 6 grains per foot, give a deflection of half a 
division of of an inch on this scale, with an electromotive force 
of ^ single cell^. Hence by using such a galvanometer, 

and primary and secondary conductors of sufficient resistances to 
fulfil the condition of domg away with sensible error from im- 
perfect connexions m the manner explained above, but yet of 
resistances either less than or not many times greater than the 
resistance of the galvanometer coil, it is easy to test to the 
resistance of a copper wire or bar not more than 3 mches long. 
The current we have found to be sufficient for this object would 
only produce a heating effect of T4°0 in two seconds, which, with 
good apparatus, is more than enough of time, as I shall show 
presently The mfluence of this heatmg effect may be regarded 
as nearly insensible, since even as much as 2° only alters the 
resistance of copper by about 

In all measurements of electric resistance, whatever degree of 
galvanic power is used, a spring “make and break” key’f ought to 
be placed in one of the battery electrodes, so that the current may 
never flow except as long as the operator wills to keep it flowing, 
and presses the key. I mtroduce a second similar spring key in 
one of the galvanometer electrodes (that is between either Q or P 

steel of equal length, attached to its back by lao varnish, constitutes the “needle** 
of the galvanometer The whole weight of mirroi and needle amounts to from 
1 to li grams It is suspended inside the galvanometer coil by smgle silk fibre 
about J mob long It is necessary to try many mirrors thus 2^repared, each with 
its magnet attached, before one is found giving a good enough image I am much 
mdebted to Mi White, optician, Glasgow, for the skill and patience which he has 
apphed to the veiy troublesome processes involved. 

* In this state of sensibility the needle la under Glasgow horizontal magnetic 
foxce of the earth alone j and, with its mirror, it makes a vibration one way in 
about 7 of a second In many uses of my form of mirror galvanometer, both for 
telegraphic and for experimental pui poses, I find it convenient to make its indica- 
tions stili more rapid, though, of course, less sensitive, by increasing the directive 
force by means of fixed steel magnets On the other hand, I use fixed steel 
magnets to dimmish the earth’s directing force and make the needle more sensitive, 
when very high sensibility is wanted ; but this would be inconvenient for the appli- 
cation descnbed in the text, because effects of thermo-eleotrlo action would be 
made too prominent, 

f Morse’s ongmal telegraph key, which instrument-makers have “ improved ” 
mto the In every respect worse form in which it xa now commonly made — a massive 
oontefcot lever urged by a spnng 
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and the galvanometer coil), ao arranged that the pressure of the 
operator’s finger on a little block of vulcanite attached to either 
spnng shall first make the contact of the fi.rst spring (completing 
the battery circuit), and when pushed a little further, shall make 
the contact of the second spring and complete the galvanometer 
circuit The test for the balance of resistances will then be that 
not the slightest motion of the needle is observable as a conse- 
quence of this action on the part of the operator. The sensibility 
of the arrangement is doubled by a convenient reverser in the 
galvanometer circuit, by which the current, if any, may be reversed 
easily by the operator while keeping the two connexions made by 
full pressure on the double spring key just described Another 
convenient reverser should be introduced into the batteiy circuit, 
to elimmate elfects of thermo-electric action if sensible 

It may often happen, unless the galvanometer is at an in- 
conveniently gieat distance fi'om the conductors tested, that its 
needle will be directly affected to a sensible extent by the mam 
testing-current ; but with the arrangement I have proposed the 
observer tests whether or not this is the case by pressing the 
double sprmg-key to only its middle position (batteiy contact 
alone made), and watching whether or not the needle moves 
perceptibly If it does not move perceptibly, he has nothmg 
more to do than immediately to press the double key home, to 
test the balance of resistances If the needle does move when 
the key is pressed to its middle position, he may, when in other 
respects allowable, keep the current flowing by holding the key 
in its middle position till the needle comes to rest, or at least 
till it shows the point towards which its oscillations converge, and 
then press home to test the balance of resistances. When the 
very highest accuracy is aimed at, or when, for any reason (as, for 
instance, extreme shortness in the standard or tested conductor), 
only the shortest possible duration of current is allowable, the 
position of the galvanometer, with reference to the battery and the 
other portions of circuit, must be so arranged that its needle may 
show no sensible deflection when the key is pressed to the middle 
position. Ignorant or inadvertent operators are probably often led 
into considerable mistakes in their measurements of resistance by 
confounding deflections due to direct electro-magnetic influence 
of battery, battery electrodes, or standard, tested, or testing- 
conductors, on the needle of the galvanometer, with the proper 
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influence of a current through its own coil, — a confusion which 
can only be resolved by making or breaking the galvanometer 
circuit while the battery circuit is kept made, for which theie is 
no provision in the ordinary plans of Wheatstone’s balance We 
may, however, suppose that most experimented will be sufficiently 
upon their guard against error from such a source But there is 
another and a much more important advantage in the double- 
break arrangement which I now propose Electro-magnetic 
inductions will generally be sensible* in some or in all of the 
different branches of the compound circuit, and cannot, except 
in very special cases, be exactly balanced as regards electro- 
motive force between P and Q with the arrangement which 
makes an exact balance of resistances Hence, at the moment 
when the battery contact is made, there must generally be an 
electromotive impulse between Q and P, which will drive a 
current through the galvanometer coil, and make an embarrassing 
deflection of the needle ]f the galvanometer circuit is complete 
at that instant (as it is in the common plans of Wheatstone’s 
balance), and will require the observer to wait until the needle 
comes to rest, or until he can tell precisely to what pomt its 
oscillations converge, the current being kept flowing all the time, 
before he can discover whether the balance of resistances has been 
attamed or not. This absolutely precludes very refined testing, 
smce, whether by the heatmg and consequent augmentation of 
resistance of some part of the balanced branches, or by thermo- 
electric reactions consequent on heating and cooling effects at 
junctions of dissimilar metals when the branches of the balance 
are not all of one homogeneous metal, or last, though not least, 
by the eye losing the precise position where the galvanometer 
needle or indicating image rested, it is not possible to use the 
full sensibility of the galvanometer for testing a zero if its needle 
IS allowed to receive such a shock in the course of the weighing* 
Embarrassment from this source is completely done away with 
by using the double spring key described above, and giving time, 
from its first to its second contact, to allow the electro-magnetic 

* I make them as little sensible as possible in my ooiled testmg-oonduotora, and 
in sets of coiled standards of resistanoe, by either doubling each ooU or eaoh branch 
of eaoh coil on itself, or by reversing the lathe at regular intervals m winding on 
any single coil on a bobbin, — a plan which has also the advantage of rendering the 
direct electro-magnetio action of any coil so wound very small or quite insensible 
on any galvanometer needle m its neighbourhood. 
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induction to subside An extremely small fraction of a second 
IS enough in almost all cases , and the operator may therefore 
generally press the key home almost as sharply as he will or can. 
But when there is a large electrodynamic capacity^” in any 
part of the balance-circuit, as, for example, when the coil of a 
powerful electro-magnet with soft ironf core is the conductor 
whose resistance is tested, it may be necessary to keep the key 
m its middle position for a few seconds before pressing it home, 
to avoid obtaining what might be falsely taken for an indication 
of too great a resistance to conduction (or “fnctionar’ resistance, 
as I have elsewhere called itj), being a true indication of resistance 
or reaction of inertia to the commencement of the current in the 
electro-magnetically-loaded branch§. In such cases it is im- 
possible, either by electrodynamic balance or in any other way, 
to obtain a measurement of resistance without keeping the battery 
applied for the few seconds required to produce sensibly its final 
strength of current undiminished by inductive reaction, over and 
above the time required to get an indication from the galvano- 
meter. But, as already remarked, in all ordinary cases, the 

* This term I first introduced in a oommtmication On Transient Electric 
Ourrenta” (P/iiZ Mag June 1863), to designate what for any electric current 
through a given conductor is identical m meaning with the “ eimple-mass equi- 
valent” m the motion of Attwood’a machine as ordinarily treated A rule for 
calculating the electrodynamic capacity is given in that oommunioation ; also the 
rule* with an example, in Niohol’s Cyclopadm, article “Magnetism — Dynamical 
Relations of ” 

t Giving a resistance to the commencing, to the ceasing, or to any other 
variation in the strength of an eleotrio current (precisely analogous to the effect 
of inertia on a current of common fluid), — which it seems quite certain must be 
owing to true inertia (not of what we should at present regard as the eleotnc fluid 
or matter itself flowing through the conductor, hut) of motions accompanymg the 
current, chiefly rotatory with axes coinciding with the lines of magnetic force in the 
iron, air, and other matter m the neighbourhood of the conductor, and oontmumg 
unchanged as long as the current is kept unchanged. See Niohol’s CyolopeBdia, 
article “Magnetism — Dynamical Relations of,’* edition 1860 [Electrostatios and 
Magnetism^ pp. 446 — 8]j also Proceedings of the Royal Society ^ June 1868; or 
Phih Mag. Yol. xni, 1867 [Baltimore Lectures^ Appendix F.] 

X “ Dynamical Theory of Heat, Part YI, Thermo-eleotno Currents,” Transactions 
of the Royal Society of Edtnlmrght 1854; and Phil Mag. 1866* [Math, and Phys, 
Papers i Yol, i. pp. 282^291.] 

§ It is probable that a YTheatatone’s balance, perfectly adjusted for equihbnum 
of resistances to conduction, and used with the galvanometer circuit constantly 
made, so as to show the whole effect of the inductive impulse, may afford the best 
means for making accurate metnoal invesUgafiona bn electro-magnetic induction 
and especially for determining “ electro (Jyn&rqio capacities” in absolute measure 
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inductive reaction becomes insensible after a very small fraction 
of a second, and the operator may press the double key home to 
its second contact almost as sharply as he pleases With such a 
galvanometer as I have described, he need not hold it down for 
more than 7 of a second (the time of the simple vibration of the 
needle*) to test the balance of resistances The order of procedure 
will therefore generally be this* — The operator will first strike 
the key sharply, allowing it to rise again instantly, adjust 
resistances m Lhe balance-circuit according to the indication of 
the galvanometer, strike the key sharply again, readjust 
resistances , and so on, until the balance is nearly attamed. He 
will go on repeating the process, but holding the key down rather 
longer each time At the last he will press the key gently down, 
hold it pressed firmly for something less than a second of time, 
and let it nse agam, and li the spot of light reflected from the 
mirror of the galvanometer does not move sensibly, the resistances 
are as accurately balanced as he can get them 

* The mirror galyanometers commonly uBed in Germany have all much longer 
periods (ten or twenty times as long m many oases) for the vibration of their 
needles, and want proportionately longer contacts to obtain full advantage of their 
eensihility, — m each case a contact durmg a time equal to that of the vibration of 
the needle one way being required for this purpose 
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187. On the Eleotkomotivb Foece induced in the 
Eaeth’s Ceust by Vabiations of Tbreesteial Mao* 
netism. 


[ti’om Phil. Trans Vol OLii. pt ii 1862, pp 637, 638; being a note on 

Balfour Stewart’s paper on “The Nature of the Forces concerned in 

producing the greater Magnetic Bisturhancea 

The evidence from observation adduced in the preceding 
paper tending to show that some earth-currents which have 
been actually observed have been the electro-magnetically 
induced effects of variations of terrestrial magnetism, appears to 
bo a very important contribution to the discovery of the complete 
theory of these most interesting and perplexing phenomena. It 
necessarily, however, suggests the question, Is the electromotive 
force induced by variations of terrestrial magnetism comparable 
in amount with that which is found in observations on earth- 
currents ? There is scarcely occasion at present for working out 
a complete mathematical theory of the currents induced in the 
earth's crust by any fully specified magnetic variations. This 
can easily be done as soon as observation supplies data enough 
to make it useful In the mean time a very rough theoretical 
estimate of the absolute amount of electromotive force induced 
by such magnetic variations as we know to exist, is sufficient to 
render it certain that this electro-magnetic induction does very 
sensibly influence the observed phenomena of earth-currents. 
For if there be, as we know there is every day, a gradual 
variation of terrestrial magnetism over a large portion of the 
earth’s surface, amounting to a minute of angle in the direction 
of the dipping-needle, or to some thousandths, or not much less 
than one thousandth of force during several hours, this change of 
magnetism must induce in a length of a few huindred miles in 
the earth’s crust an electromotive force, which we readily see 
must be comparable with that which would be induced in a 
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linear conductor of the same length if carried across the lines of 
magnetic force at the rate of a mmute of arc (or a nautical mile) 
in several hours In two articles communicated eleven years ago 
to the Philoso'phical Magazine*, I explained the principles on 
which such an electromotive force as this is to be compared with 
familiar standards, as, for instance, that of an element of Darnell’s 
battery Thus a horizontal conductor, 1,400,000 feet long (or about 
270 British statute miles), carried at the rate of 600 feet (or about 
one-tenth of a mmute of arc) per hour in a horizontal direction 
perpendicular to its own length across the British Isles or neigh- 
bouring Atlantic ocean (where the vertical magnetic force averages 
about 10 British absolute umts of magnetic force), would experience 
an mduced electromotive force amounting to 10x1,400,000, 

or about 2,300,000 British absolute umts of electromotive force. 
But, as I showed in the second of those articles, the electromotive 
force of a single cell of Darnell’s is about 2,600,000 Bntish absolute 
units Hence the induced electro-magnetic force in question is 
about equal to that of a single cell Some such electromotive 
force as this, therefore, must be induced m a length of 270 miles 
of the earth’s crust, by the ordmary diurnal variations of terrestnal 
magnetism; and the much more rapid variations m magnetic 
storms must produce much greater electromotive forces, which we 
may conceive may not unfrequently be as much as that of ten 
or twenty cells, and sometimes may amount to 100 cells or 
more. Just such amounts of electromotive force were those which 
I actually observed m the Atlantic cable, as the following extract 
from the Encyclopcedia Metropolitana, article '‘Telegraph, electric,” 
shows. 

“In the failure of the Atlantic Cable in September 1868, the 
portion terminating at Valencia came to give nearly the same 
indications as an insulated conductor about 270 miles long, laid 
out westward, and connected with a copper plate sunk at a little 
less than that distance in the Atlantic In these circumstances 
the writer found that from 1 to 9 or 10 twentieths of the electro- 
motive force of two Damell’s elements was generally sufficient 
to balance the earth-current, not unfrequently 14 or 16 were 
required , sometimes, although rarely, 20, or the full electromotive 

* See 1861, Second hall year “On the Mechanical Theory of Electrolysis,” 
and “Apphoatiotts of the Principle of Mechanical Effect to the Measurement of 
Electromotive Forces, and of Q^lvamo Resistances, m Absolute TJnits.” [Math, 
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force of two DanielFs elements, was insufficient; and once or 
twice in the course of the month of September, earth-currents 
were received so stiong that five or six DameH’s elements would 
have been required to balance them/' 

It seems therefore quite certam that the ordinary every-day 
earth“Currents in that locality must be very sensibly influenced 
by electro-magnetic induction from the ordinary diurnal variations 
of terrestrial magnetism, but it is also quite certain that they 
are only in part due to this cause, and that some more powerful, 
but as yet unknown, agency is at work to produce them. For 
although I found that a day seldom, if ever, passes without the 
direction of the current changing several times, yet there was 
no relation between the times of such changes and the solar 
hours I conclude with the following additional extract from the 
same article, expressing views regarding earth-currents which 
I think will be found to agree with the extensive and careful 
observations of Mr 0 V. Walker, which have been published 
since it was written, although they seem quite at variance with 
the theory which has recently been advocated by Prof Lament 
and Dr Lloyd, that earth-currents, however they are themselves 
generated, do directly produce the magnetic variations. 

“Earth-currents are certainly related to the irregular variations 
of terrestrial magnetism, since they are always found unusually 
strong during brilliant displays of aurora boreahs , for it has long 
been known that, on these occasions, the magnetic disturbances 
are unusually strong. Being related to the variations of terrestrial 
magnetism, it is probable that the earth-currents also will be 
found to have daily periods; but, in the mean time, we only 
know that, while the diurnal vanation in terrestrial magnetism 
is observable in general every day, and is only on rare occasions 
overborne by irregular disturbances, the earth-currents vary each 
day from hour to hour, like the wind, under some overpowering 
non-periodic influence, and can only show daily periodicity in 
residual averages derived from lengthened senes of observations 
It is probable that careful synchronous observations of auroras, 
earth-currents, and variations of terrestrial magnetdam, will lead 
to a discovery of the primary influence, whether in the earth, or 
terrestrial atmosphere, or surrounding intorifianetary air, which 
causes these phenomena/' 
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188 Effect of uniformly impebpeot insulation on 
Signals through Submarine Cables. 

[From Phi Tram. VoL olii. pt. ii [read Jan 14, 1863], pp 1011 — 1017 ] 

[Appendix to F Jenkin’a paper on “Experimental Researches on the Trans- 
mission of Electric Signals through Snbmarme Gables ” Not reprinted ] 


189 On the Result of Reductions of Curves obtained 
from the Self-recording Electrometer at Kew 

[From British Association Report^ 1863, p 27 Abstract.] 

The author said, that all the photographs up to last March 
had been reduced to numbers, and the monthly averages taken 
Each month shows a maximum m the morning, sometimes from 
7 to 9 A M , and another in the evening, from 8 to 10 pm Theie 
are pretty decided indications of an afternoon maximum, and 
another in the small hours after midnight, but the irregulaiTties 
are too great to allow any conclusion to be drawn from a mere 
inspection of the monthly averages He intended to calculate 
three terms, if not more, of the harmonic senes for each month, 
and thus be able to judge whether the observations show any 
consistence m a third term (which alone would give four maxima 
and four minima), or a first term (which alone would give one 
maximum and one mimmum in the twenty-four hours) There 
19 a very decided winter maximum and summer minimum on the 
daily averages That for January is more than double of that for 
July. This part of the subject will also require much labour to 
work it out. In the reductions hitherto made he had included 
negatives -with positives, and all the sums have been “algebraic'* 
{i,e, with the negative terms subtracted). Yery important results 
with reference to meteorology will, no doubt, be obtained by 
exammmg the negative indications separately, and, again, by 
taking daily and monthly averages of the fine-weather readings 
alone This part of the subject he had not been able to attack 
at all yet. Nor had he yet been able to go through a comparison 
of the amounts of effect with wind in different quarters. 
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190. On Electrically impelled and Electrically 

CONTROLLED CLOCKS. 


[From Qlasg, Phil JSoo, Froo YoL VL [read Jan. 24, 1866], pp. 61—64] 


Professor William Thomson exhibited and explained an 
improved arrangement of magnets for the electro-magnets and 
coil used m the Joneses system of controlling clocks electrically. 
The object aimed at in the system is to force the time of vibration 
of the controlled pendulum to agree with that of the controlling 
clock, and to interfere as little as possible with the extent of 
range through which the controlled pendulum vibrates. To 
produce such an effect the proper place for the controlling force 
to act is as near as possible to the ends of the range through 
which the pendulum swings. A force acting on a pendulum 
when it is near or passing through its middle position tends 
either to stop it or to make it vibrate more widely. Accordingly, 
the middle position is the proper place for the impelling force to 
act, by which the pendulum is kept vibrating ; and this is what 
is put in practice in the detid-beat escapement, also in Bain's 
electrical pendulum. Bain's arrangement of coil and magnets, 
which was introduced by him for the purpose of keeping a 
pendulum, and through it the works of a clock, vibrating by the 
energy of an electric current, proved to be a very convenient 
way of applying electro-magnetic force to a pendulum. It was 
accordingly adopted by Mr Jones for the very different purpose 
contemplated in his admirable invention, which was to regulate a 
clock kept going by its own weights, and compel it to agree in 
its rate with the distant controlling clock. In Bain's arrange- 
ment two bar-magnets are used, fixed in a horizontal line, with 
their north poles together, The pendulum carries at its lower 
end a coil or bobbin of silk-covered copper wire, with a wide 
aperture or core, through the centre of which the line of the 
magnets passes. The pendulum in' vibrating oarrieel this coil 
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from one side of the donhle north pole to the other in every 
vibration, and the mutual action between the double pole and 
alternating electric currents through the coil gives rise to hori- 
zontal forces alternately in opposite dnections, by which the 
pendulum is kept vibrating, while resisted by the air, friction 
in the clock-work, &c The distant south poles may be regarded 
as practically inoperative, because of their comparatively great 
distance jfrom the coil , but the small practically insensible forces 
which they produce are, however, at each instant opposed to the 
true resulting effect produced by the central north poles. Which- 
ever way the current flows, this arrangement gives the maximum 
of force to the pendulum at the middle of its arc, but it gives 
enough of force, when the pendulum is near the ends of its range, 
to produce the desired controlling power, with very moderate and 
cheap electric force, as is proved by the success of Mr Jones's 
plan, even without the improvements of arrangement which have 
been introduced in Glasgow The first of these improvements 
consists m drawing out the magnets, and fixmg them so that 
their north poles shall be just reached, or barely covered by the 
coil, as the pendulum swings to either end of its range The 
effect of this is to mcrease the electro-magnetic force where it is 
wanted — that is, at the ends of the range — and to dimmish it m 
the middle, where it is not only not wanted, but has sometimes 
been found m practice very detrimental. It must happen 
occasionally that by some accident, whether the telegraph wires 
be canned away by a storm, or some temporary stoppage or 
failure occurs m the controlling-clock-contacts or battery, the 
controlling current is interrupted for a time. During such an 
interruption the controlled clocks are simply left each to go at 
its own rate as an ordinaiy clock, and m the course of a few hours 
any one of them may gam or lose several seconds. When the 
current is re-established, they ought all immediately to submit 
again to the control, and go on each with the few seconds gain or 
loss it may have made while it was left to itself But if the 
pendulum of any one of them chances to be vibrating on the 
whole against, or considerably more against than withi the re- 
established alternating electro-magnetic force, it may be stopped 
because of the greatness of this force on the pendulum in or near 
its middle position , and after a time (several minutes in general) 
it might be started again m the proper direction by the timed 
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impulses which it constantly receives (This canons phenomenon 
was illustrated by experiments performed before the Society.) 
Accordingly, after accidental stoppages of the current, some of 
the controlled clocks, durmg the first few months of the Glasgow 
experiment, were more than once found gomg,but several mmutes 
slow. After the magnets were drawn out, according to the theory 
explained above, no such derangement has ever been experienced , 
and the greatest derangement that a stoppage of the current has 
caused in any one of the controlled clocks seems to have been 
two seconds, four seconds, or six seconds Such a derangement 
can mislead no one, as the University of Glasgow requires, as the 
sole condition under which it will supply electric time-signals in 
any case, that a galvanometer showing (by the lost deflection on 
the sixtieth second) the precise moment of the begmning of each 
minute shall be exhibited with every clock under control which 
has a seconds’ hand , and no one who is so exact as to look to 
seconds will omit to verify by the galvanometer the time-signal 
he takes. 

A further improvement consists m as it were bending the bar- 
magnets round into the horse-shoe shape, so as to bring their 
south poles from the positions in the axis of the coil where they 
do damage, mitigated only by the greatness of their distances 
from the field of action, to proper positions close outside the coil 
at each end of its swing, where they act forcibly at close quarters 
m aid of the useful action of the north poles when the coil is at 
either end of its range, and yet mitigate very effectively its detri- 
mental action on the coil in the middle part of its swmg One 
of the many new clocks now in the course of construction by 
Messrs Mitchell, to be controlled from Professor Grant’s mean 
time clock in the University Observatory, had been so nearly 
completed, with the proper form of coil and disposition of horse- 
shoe magnets on the new plan as to allow the action to be 
exhibited to the Society, but Professor Thomson had only had 
it to try for an hour before the meetmg of the Society. He hoped 
in the course of a few weeks to make experiments on it which 
■would allow him to report to the Society— 

1. The number of seconds per day of error in its uncontrolled 
rate from which a definitely specified amount of electric current 
would hold it controlled. 
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2 . The greatest number of seconds per day of error which 
could be checked m it by any current incapable of stopping it by 
catching it the wrong way. 

This improvement is even more important for the two seconds’ 
pendulum of a turret clock than for the ordinary seconds’ pendulum 
AfLer nearly a year of expenments and trials of coils and magnets 
more and more powerful, the 2 -J-cwt pendulum of St George’s Church 
clock had, by a proper disposition of merely bar-magnets, been 
brought under control in the same circuit as the other clocks, all 
of which have seconds’ pendulums, without the necessity for a 
special wire and modified system of currents, as specified by 
Mr Jones in hia patent It may be confidently expected that the 
new improvement now brought forward will render the control 
of other heavy two seconds’ pendulums a much easier matter 
(that 18 to say, much more stringent with the same amount of 
electric coil) , and it is to be hoped that the example first set in 
Scotland by the University of Glasgow, m putting the tower clock 
under control, will be followed not only in St George’s Church 
clock, but very soon m every pubhc clock in Glasgow, Paisley, 
Greenock, and Ayr, and even m Edinburgh, notwithstanding the 
time gun. 



1867] 


( 393 ) 


191. On a new Fobm of the Dynamic Method fob 
Measubing the Magnetio Dip. 

[From Manchester Phil. Soc Proc. Vol. vi. 1867 [read April 16, 1867], 
pp, 167, 168, Mamlmter Phil Soc Mem Vol. in. 1868, pp 291, 292] 

Seven years ago an appai’atus was constructed for the natural 
philosophy class of the University of Glasgow for illustrating the 
induction of electric currents by the motion of a conductor across 
the lines of terrestrial magnetic force. This instrument consisted 
of a large circular coil of many turns of fine copper wore, mstde to 
rotate by wheelwork about an axis, which can be set to positions 
inclined at all angles to the vertical A fixed circle, parallel to 
the plane containing these positions, measured the angles between 
them. The ends of the coil were connected with fixed electrodes, 
so adjusted as to reverse the connexions every time the plane of 
the coil passes through the position perpendicular to that plane. 
When in use, the instrument should be set as nearly as may be 
in the magnetic meridian. The fixed electrodes being joined to 
the two ends of a coil of a delicate galvanometer, a large deflection 
is observed when the axis of rotation forms any considerable angle 
with the line of magnetic dip. On first trying the instrument 
I perceived that its sensibility was such as to promise an extremely 
sensitive means for measuring the dip. Accordingly, soon after 
I had a small and more portable instrument constructed for this 
special purpose, but up to this time I had not given it any 
sufficient trial. On the occasion of a recent visit, Dr Joule 
assisted at some expenments with this instrument. The results 
have convinced us both that it will be quite practicable to improve 
it so that it may serve for a determination of the dip within a 
minute of angle. I hope, accordingly, before long to be able to 
communicate some decisive results to the Society, and to describe 
a convenient instrument -v^hioh may be practically useful for the 
observation of this element* 
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192. Modification of Wheatstone's Bbidoe to find the 
Resistance of a Galvanometer-coil from a single 
Deflection of its own Needle. 

[From Roy Boc Froo YoL xix 1871 [read Jan 19, 1871], p. 263, 

Phil Mag. YoL xli 1871 (Supplement), pp 637, 638 ] 

In any tisefal arrangement in whicti a galvanometer or electro- 
meter and a galvanic element or battery are connected, through 
whatever trams or network pf conductors, let the galvanometer 
and battery be interchanged Another arrangement is obtamed 
which will probably be useful for a very different, although re- 
ciprocally related ol^ect Hence, as soon as I learned from 
Mr Mance his admirable method of measuring the internal 
resistance of a galvanic element (that descnbed in the first of 
his two preceding papers), it occurred to me that the reciprocal 
arrangement would afford a means of findmg the resistance of a 
galvanometer-coil, from a single deflection of its own needle, by R 
galvamc element of unknown resistance, , The resultmg method 
proves to be of such extreme simplicity that it would be incredible 
that it had not occurred to any one before, were it not that I fail 
to find any trace of it published in books or papers; and that 
personal inquiries of the best mformed electncians of this country 
have shown that, in this country at least, it is a novelty. It 
consists simply in makmg the galvanometer-coil one of the four 
conductors of a Wheatstone's bridge, and adjusting, as usual, to 
get the zero of currenlf when the bridge contact is made, with 
only this difference, that the test of the ziero is not by a galvano-^ 
meter in the bridge showing no deflection, but by the galvano-^ 
Ui6ter itself, the resistance of whose coil is to be measured^ 
showing an unchanged deflection Neither diagram nor further 
explanation is necessary to make this understood to any one whp 
knows Wheatstone's bridge. 



1 ] 


( 396 ) 


193. On a Constant Foem of Daniell’s Battery. 


•om iJoy. Soo. Proa. Vol xix 1871 [read Jan. 19, 1871], pp. 2B9 ! 
P/ul Mqg Vol. xw 1871 (Supplement), pp 638- 643, Naiurt,Yo\. HI. 
March 2, 1871, pp 350, 351 ] 


Graham’s discovery of the extreme slowness with which one 
[Uid diffuses into another, and Fick’s mathematical theory of 
ffusion, cannot fail to suggest that diffusion alone, without inter- 
■ntion of a porous cell or membrane, might be advantageously 
led for keeping the two hquids of a Darnell’s battery separate, 
itherto, however, no galvanic element without some form o 
nous cell, membrane, or other porous solid for separator, has 
jon found satisfactory in practice. 


The first idea of dispensing with a porous cell, and keeping 
le two liquids separate by gravity, is due to Mr 0. F. ar ey^ o 
'oposed to put the copper-plate m the bottom of a jar, reding 
1 It a saturated solution of sulphate of copper, resting on this a 
,88 dense solution of sulphate of zinc, and immersed in the sulphate 
f zinc the metal zinc-plate fixed near the top of the jar. ^ u^^ 

0 tells me that batteries on this plan, called “gravity-batteries, 
ere carefully tried in the late Electric and International Telegraph 
iompany’s establishments, and found wanting in economy. Ihe 
raate of zinc and of sulphate of copper was found *<> ^e more in 
iiem than m the ordinary porous-cell batteries. Darnell s batten^ 
rithout porous cells have also been tried m France, and foun 
nsatisfectory on account of the too 

opper to the zino, which they permit. Still, Graham s and Fio 
aSsurements leave no room to doubt but that the _a<^ees of 
ulphate of copper to the zino would be much less rapid if by tr 
liffusicm alone, than it cannot but be in any form o porous-c 
latterv with vertical plates of copper and zinc opposed to one 
mS, as are the ordinary telegraphic Daniel's batter^^ whio^ 
Yarley finds superior ^ W. ' gruyity-buttery, T? 
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comparative failure of the latter, therefore, must have arisen from 
mixing by currents of the liquids All that seems necessary, 
therefore, to make the gravity-battery much superior instead of 
somewhat inferior to the porous-cell battery, is to secure that the 
lower part of the liquid shall always remain denser than the 
upper part. In seeking how to reahze this condition, it first 
occurred to me to take advantage of the fact that saturated 
solution of sulphate of zinc is much denser than saturated solution 
of sulphate of copper It seems* that, at temperature 16° 0, 
saturated aqueous solution of sulphate of copper is of 1*186 sp. gr , 
and contains in every 100 parts of water 33 1 parts of the crystal- 
line salt, and that at 15° the saturated solution of sulphate of 
zmc is of sp gr 1*44, and contains in every 100 parts of water 
140*6 parts of sulphate of zmc, both results bemg from Michel 
and Krafft’s experiments f Hence I made an element with the 
zmc below; next it saturated solution of sulphate of zmc, gradually 
dimimshing to half strength through a few centimetres upwards ; 
saturated sulphate of copper resting on this, and the copper-plate 
fixed above m the sulphate-of-copper solution In the beginnmg, 
and for some time after, it is clear that the sulphate of copper 
can have no access to the zmc otherwise than by true diffusion. 
I have found this anticipation thoroughly realized m trials con- 
tinued for several weeks , but the ultimate fate of such a battery 
is that the sulphate of zinc must penetrate through the whole 
hquid, and then it will be impossible to keep sulphate of copper 
separate in the upper part, because saturated solution of sulphate 
of zinc certainly becomes denser on the introduction of sulphate 
of copper to it To escape this chaotic termination I have intro- 
duced a siphon of glass with a piece of cotton- wick along its length 
inside it, so placed as to draw off liquor very gradually from a level 
somewhat nearer the copper than the zmc, and a glass funnel, 
also provided with a core of cotton- wick, by which water semi- 
saturated with sulphate of zmc may be continually introduced at 
a somewhat lower level A galvanic element thus arranged will 
undoubtedly continue remarkably constant for many months , but 
it has one defect, which prevents me from expecting permanence 
for years. The zmc being below, must sooner or later, according 

* Storer’s Dictionary of Solubilities of Chemical Substances Cambridge, 
Maesaobusetts . Sever and Francis, 1804. 

t Ann, Oh, et Phys (3) Yol. xli pp 478, 482 : 1854* 



1871] ON A CONSTANT FOEM OF BANIELL’S BATTEEY 


397 


to the less or greater vertical dimensions of the cell, become 
covered with precipitated copper from the sulphate of copper 
which finds its way (however slowly) to the zmc. On the other 
hand, if the 2 dnc be above, the greater part of the deposited copper 
falls off incoherently from the zinc through the liquid to the copper 
below, where it does no mischief, provided always that the zinc 
be not amalgamated, — a most important condition for permanent 
batteries, pomted out to me many years ago by Mr Varley Placing 
the zmc above has also the great practical advantage that, even 
when after a long time it becomes so much coated with metalhc 
copper as to senously injure the electrical effect, it may be 
removed, cleaned, and replaced without otherwise disturbing the 
cell , whereas if the zinc be below, it cannot be cleaned without 
emptying the cell and mixing the solutions, which will entail a 
renewal of fresh separate solutions ui setting up the cell again. 
I have therefore planned the following form of element, which 
cannot but last until the zmc is eaten away so much as to fall to 
pieces, and which must, I think, as long as it lasts, have a very 
satisfactory degree of constancy. 

The cell is of glass, in order that the condition of the solutions 
and metals which it contams may be easily seen at any time. 
It IS simply a cyhndncal or rectangular jar with a flat bottom. 
It need not be more than 10 centimetres deep, but it maybe 
much deeper, with advantage in respect to permanence and ease 
of management, when very small mtemal resistance is not desired 
A disk of thin sheet copper is laid at its bottom. A properly 
shaped mass of zmc is supported in the upper part of the jar. A 
glass tube (which for brevity will be called the chargmg-tube) of 
a centimetre or more internal diameter, endmg m a wide saucer 
or funnel above, passes through the centre of the zmc, and is 
supported so as to rest with its lower open end about a centimetre 
above the copper A glass siphon with cotton-wick core is placed 
so as to draw liquid gradually from a level about a centimetre and 
a half above the copper The jar is then filled with semisaturated 
sulphate-of-zmc solution A copper wire or stout ribbon of copper 
coated with india-rubber or gutta-percha passes vertically down 
through the liquid to the coppei -plate below, to which it is riveted 
or soldered to secure metalhc commumcation. Another suitable 
electrode is kept in metallic communication with the zinc above. 
To put the cell in action, fragments of sulphate of copper, small 
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enough to fall down through the charging-tube, are placed m the 
funnel above. In the course of a very short time the whole liquid 
below the lower end of the charging-tube becomes saturated with 
sulphate of copper, and the cell is ready for use It may be kept 
always ready by occasionally (once a week for instance) pouring in 
enough of fresh water, or of water quarter saturated with sulphate 
of zinc at the top of the cell, to replace the liquid drawn off by 
the siphon from near the bottom. A cover maybe advantageously 
added above, to prevent evaporation. When the cell is much 
used, so that zinc enough is dissolved, the liquid added above may 
be pure water , or if large internal resistance is not objected to, 
the hquid added may be pui'6 water, whether the cell has been 
much used or not, but after any mterval, during which the battery 
has not been much in use, the liquid added ought to be quarter 
saturated, or even stronger solution of sulphate of zmc, when it is 
desired to keep down the internal resistance. It is probable that 
one or more specific-gravity beads kept constantly floating between 
top and bottom of the heterogeneous fluid will be found a useful 
adjunct, to guide in judging whether to fill up with pure water or 
with sulphate-of-zinc solution. They may be kept in a place 
convenient for observation by caging them in a vertical glass tube 
perforated sufficiently to secure equal density m the honzontal 
layers of liquid, to be tested by the floaters. 

An eztemponzed cell on this plan was exhibited to the Royal 
Society, and its resisbance (measured as an illustration of Mance's 
method, descnbed in the first of his two previous communications) 
was found to be *29 of an Ohm (that is to say, 290,000,000 centi- 
metres per second). The copper and zinc plates of this cell) being 
circular, were about 30 centimetres in diameter, and the distance 
between them was about 7 5 centimetres. A Grove's cell, of such 
dimensions that forty in senes would give an excellent electric 
light, was also measured for resistance, and found to be *19 of an 
Ohm. Its intensity was found to be 1*8 times that of the new 
, cell, which is the usual ratio of Grovers to Darnell's , hence seventy- 

two of the new cells would have the mtensity of forty of Grove's. 

" ^ But the resistance of the seventy-two m senes would be 209 Ohms, 

I 1 as against 76 Ohms of the forty Grove's , hence, to get as powerful 

i ; an electric light, threefold surface, or else dimimshed resistance by 
^ ^ I ' ' di mm i fl faed d^tance of the plates, would be required. How much 

I f n I 5 Ke^y^ance ' may be diminished by dimmishing the distance 



1871] ON A CONSTANT FORM OF DANIELL’S BATTERY 


399 


rather than increasing the surface, it is impossible to deduce from 
experiments hitherto made. 

Two or three cells, such as the one shown to the Royal Society, 
will be amply sufficient to drive a large ordinary turret-clock 
without a weight , and the expense of maintaining them will be 
very small in comparison with that of winding the clock. The 
prime cost of the heavy wheel-work will be avoided by the intro- 
duction of a comparatively inexpensive electro-magnetic engine. 
For electric bells, and all telegraphic testing and signalling on 
shore, the new form of battery will probably be found easier of 
management, less expensive, and moie trustworthy than any of 
the forms of battery hitherto used. For use at sea, it is 
probable that the sawdust Danieirs, first introduced on board the 
' Agamemnon’ m 1858, and ever smce that time very much used 
both at sea and on shore, ^vill still probably be found the most 
convenient form; but the new form is certamly better for all 
ordinary shore uses. 

The accompanying drawing represents a design suitable for 
the electric light, or other purposes, for which an mtenor resistance 



not exceeding of an Ohm is desired. The jdnc is in the form 
of a grating, to prevent the lodgment of bubbles of hydrogen gas, 



which I find constancy, but very ^<Jvfly/, upon the zinca 

of the cells I have tried, used JiRYe no free 
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acid^ unless such as may come from the ordinary commercial 
sulphate-of-copper and commercial sulphate-of-zinc crystals which 
were used 


POSTSORIPT February 2, 1871 

The prmciple which I have adopted for keeping the sulphate 
of copper from the zmc is to allow it no access to the zmc except 
by true diffusion This prmciple would be violated if the whole 
mass of the liquid contiguous to the zinc is moved toward the 
zmc Such a motion actually takes place m the second form of 
element (that which is represented m the drawmg, and which is 
undoubtedly the better form of the two) every time crystals 
of sulphate of copper are dropped mto the chargmg-tube. As the 
crystals dissolve, the liquid agam smks, but not through the whole 
range through which it rose when the crystals were immersed. 
It smks further as the sulphate of copper is electrically precipitated 
on the copper plate below in course of workmg the battery. 
Neglecting the volume of the metallic copper, we may say, with 
httle error, that the whole residual nse is that corresponding to 
the volume of water of crystallization of the crystals which have 
been introduced and used. It becomes, therefore, a question 
whether it may not become a valuable economy to use anhydrous 
sulphate of copper instead of the crystals , but at present we are 
practically confined to the ^'blue vitrior' crystals of commerce, 
and therefore the quantity of water added at the top of the cell 
from time to time must be, on the whole, at least equal to the 
quantity of water of crystallization introduced below by the 
crystals Unless a cover is added to prevent evaporation, the 
quantity of water added above must exceed the waber of crystalli- 
zation mtroduced below by at least enough to supply what has 
evaporated There ought to be a further excess, because a down- 
ward movement of the liquid from the zmc to the level from 
which the siphon draws is very desirable to retard the diffusion 
of sulphate of copper upwards to the zinc Lastly, this downward 
movement is also of great value to carry away the sulphate of 
ziuc as it is generated in the use of the battery. The quantity 
of water added above ought to be regulated so as to keep the 
liquid m contact with the zinc a little less than half saturated 
with sulphate of zmc, as it seems, from the observations of various 



1871] ON A CONSTANT FORM OF DANIELLES BATTERY 


401 


experimenters, that the resistance of water semisaturated with 
sulphate of zmc is considerably less than that of a saturated 
solution A still more senous inconvenience than a somewhat 
increased resistance has been pointed out to me by Mr Varley 
as a consequence of allowing sulphate of zmc to accumulate in 
the battery Sulphate of zinc crystallizes over the hp of the jar, 
and forms pendents like icicles outside, which act as capillary 
siphons, and carry off hquid. Mr Varley tells me that this 
curious phenomenon is not unfrequently observed m telegraph- 
battenes, and sometimes goes so far as to empty a cell and throw 
it altogether out of action. Even without this extreme result, 
the crystallization of zmc about the mouth of the jar is very 
inconvenient and deleterious. It is of course altogether avoided 
by the plan I now propose 

In conclusion, then, the siphon-extractor must be arranged to 
carry off all the water of crystallization of the sulphate of copper 
decomposed in the use of the cell, and enough of water besides to 
carry away as much sulphate of zmc as is formed m the use of 
the battery. Probably the most convement mode of working the 
system m practice will be to use a glass capillary siphon, dravang 
quickly enough to carry off m a few hours as much water as is 
poured in each time at the top , and to place, as shown m the 
drawing, the discharging end of the siphon so as to limit the 
discharge to a level somewhat above the upper level of the zinc 
grating. It will no doubt be found convement m practice to add 
measured amounts of sulphate of copper by the cbargmg-tube 
each time, and at the same time to pour m a measured amount of 
water, with or without a small quantity of sulphate of zmc m 
solution. 

As 100 parts by weight of sulphate of copper crystals contain, 
as nearly as may be, 36 parts of water, it may probably answer 
very well to put in, for every kilogramme of sulphate of copper, 
half a kilogramme of water Expenence (with the aid of specific- 
gravity beads) will no doubt render it veiy easy, by a perfectly 
methodical action involving very little labour, to keep the battery 
in good and constant action, according to the circumstances of 
each case 

When, as m laboratory work, or in arrangements for lecture- 
illustrations, there may be long mtervals of time during which 

26 
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the battery is not used, it will be convenient to cease adding 
sulphate of copper when there is no immediate prospect of action 
being required, and to cease pourmg in water when little or no 
colour of sulphate of copper is seen in the solution below The 
battery is then in a state in which it may be left untouched for 
months or years. All that will be necessary to set it in action 
again will be to fill it up with water to replace what has evapo- 
rated m the mterval, and stir the liquid in the upper part of the 
jar slightly, until the upper specific-gravity bead is floated to 
near the top by sulphate of zinc, and then to place a measured 
amount of sulphate of copper m the funnel at the top of the 
charging-tube. 


i 
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194 A Hint to Electricians [on the necessity 
OF Scientific Standardising]. 

[Fiom Nature^ Vol hl Jan 26, 1871, pp 248, 249] 

Mr Mange’s method for measuring the internal resistance of 
a single galvamc element or battery, communicated to the Royal 
Society at its meeting of last week, and the modifications of 
Wheatstone’s budge suggested by myself for finding the resistance 
of a galvanometer coil from the deflection of its own needle, 
supply desiderata m respect to easy and rapid measurement, 
which have been lon^felt by telegraph electncians and needed by 
other scientific investigators and by teachers of science Year 
after year the latter, in their arrangement of batteries, electrodes, 
and galvanometers, have darkly and wastefuUy followed the 
method which from workmen we learn to call rule of thumb, 
while the former, with admirable scientific art, measure every 
element with which they are concerned, m absolute measure. 
How many physical professors are there m Europe or Amenca 
who could tell (in millions of centimetres per second) the resistance 
of any one of the galvanometers, induction coils, or galvamc 
elements which they are daily using? How many of them, in 
ordering an electro-magnet, require of the maker that the specific 
resistance of the copper shall not exceed 16,000 (gramme-centi- 
metre-seconds) ? How many times have eight Grove cells been 
set up to produce a degree of electro-magnetic effect which four 
would have given, had the professor exacted of the mstrument- 
maker the fiilfilment of a simple and inexpensive scientific 
condition, as submarine telegraph companies have done m their 
specifications of cables ? If every possessor of an electro-magnet 
were to cut a metre off its coil, weigh the piece, measure its 
resistance, and send the result to Nature^ and if every maker of 
Ruhmkortf coils would do the like for every coil of copper wire 
designed for his instruments, a startling average might be shown. 
And what of the items? I venture to say that (provided the 
instruments of the great makers are not e;xcluded) specific resistance 
above 80,000 would not be a singular case, I could tell some- 
thing of galvanometers of 1869, comparable only to submarine 
cables of 1867. I refrain;— but let makers of galvanometers, 
Ruhmkorff coils, and electro^magnets bewai?e.; surely Kature will 
find them ont if they do not reform before 1872. 
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196. Note on Mb Gore's Paper on Eleotrotorsion. 

[From P/ii? Trans Yol OLXiv. 1874, pp 660 — 562*.] 

In ISection 6, '' General cause of the torsions," the phenomena 
are attributed to the combined influence of ordinary magnetic 
polarity and the magnetic condition of iron at right angles to 
that. To see precisely how this combined influence produced the 
results discovered by Mr Gore, we have only to look to Joule's 
discovery of the effects of magnetism on the dimensions of iron 
and steel bars, and of the musical sounds consequently produced 
m an electromagnet every time battery-contact is made or broken. 
This great discovery was first described in public on the occasion 
of a conversazione held at the Eoyal Victoria Gallery of Manchester, 
on February 16th, 1842 A printed account of it is to be found 
in the eighth volume of Sturgeon's Annals of Electr%(ntyy p. 219, 
and in the Philosophical Magazine^ 1847, first half year. The 
following are the chief results obtained by Joule • — 

1. When a wire or bar of iron (or steel) is alternately sub- 
jected to, and left free from, longitudinal magnetizing force, it 
alternately becomes longer and shorter, 

2. In the same circumstances its volume remains sensibly 
unaltered, and therefore it experiences lateral shrinking to an 
extent equal to half the extension in length f. 

3. Joule verified the lateral shrinking by passing a current 
through an insulated wire along the axis of a piece of iron gas- 
pipef, 1 yard long, ^ of an inch in bore, and of an inch in 

* Not read before the Society, but ordered to be printed, 
t It 18 understood, of course, that the shrinking is reckoned in proportion to the 
transverse diameter, and the extension m proportion to the length, as is usual m 
the geometry of strains and in the theory of elasticity, 

f The bends of the insulated wire outside the gas-pipe m Joule’s experiment 
complicate the ciroumstanoes somewhat by superimposing upon the circular poleless 
magnetization, which a smgle straight wire along the axis of the pipe woiUd pro*. 
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thickness, and found, as he anticipated, that the length of the 
gas-pipe became diminished when the current was instituted, and 
increased when the current was stopped, 

4 Residual magnetism leaves residual changes of dimension 
in iron and steel of the same signs as those exhibited when 
magnetizing force is first applied or afterwards re-applied. 

5, Longitudinal pull*, if sufficiently intense, reduces to zero 
the magnetic extensions and contractions, and if more intense 
still, puts the metal into such a state that opposite strains are 
produced by it. An iron or steel wire stretched vertically by a 
small weight becomes elongated by magnetization, but if kept 
stretched by a constant sufficiently heavy weight xt is shortened 
by magnetization -f. 

Now the passage of a current along a straight iron or steel wire 
of circular section gives rise to poleless magnetization in circles 
perpendicular to the length of the wire and with them centres in 
its axis. Let 7 be the strength of the current through the wire, 
reckoned of course in absolute units, If the wire be infinitely 
long, the resultmg field of force (whether the wire be of iron or 
of any other metal) is fully specified by saying that the lines of 

duoe, magnetization in whioli there is northern polarity along one semicylinder, 
and southern polarity along the other semicylinder of the outer boundary of the iron 
pipe, and fainter opposite polarities on the inner cylindrical surface. But if the 
wire had been continued straight for several inches outside the pipe at each end, 
and then carried away to the battery without ever being brought near the gas-pipe 
externally, it is clear that effects in the same direction, though of slightly less 
magnitude (by an almost infinitesimal difference), would have been observed. 

♦ Rankme^s nomenclature regarding stresses and strains (which is consistent 
with Huyghens^ celebrated nt ten$io stc vU) ought to be carefully followed, It is 
therefoie necessary to introduce two nouns, pull and thrust, common enough in 
familiar language, but not hitherto much used in the theory of elasticity, to express 
longitudinal forces in the directions which would elongate or shorten the bai or 
wire. With reference to a stretched wire we ought to talk of the pull along the 
wire, and ought not to use the word strain or tension to express a stretching force. 
The only objection to the word puU is that some people might consider it too 
faraihar ; but surely it is not a valid objection to the mathematician or philosopher 
that a word, the use of which enables him to avoid ambiguity m soientiflo states 
ments, is already understood by non -scientific people. According to Bankiiie*s 
nomenclature we must confine the word strain to a change of dimension or figure 
caused by stress j thus the longitudinal strain of a wire or of a beam experiencing 
a pull or thrust is the (positive pr negative) elongation produced by the force, 
t Hence the “ Ycmng’s modulus ” of iron or steel la inoreased by longitudinal 
magnetization. 
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196. Electrolytic Conduction in Solids. First Example, 

Hot Glass. 

[From Roy Soc Froo, Vol xxni 1875 [read June 10, 1876], pp. 463, 464] 

Many years ago I projected an experiment to test the voltaic 
relations between different metals with glass substituted for the 
electrolytic liquid of an ordinary simple voltaic cell, and with so 
high a temperature that the glass would have conducting-power 
sufficient to allow induction through it to rule the difference of 
potentials between the two metals Imperfect instrumental 
arrangements, and want of knowledge of the temperature at 
which glass would have sufficient conductivity to give satisfactory 
results, have hitherto prevented me from carrying out the proposed 
mvestigation. The quadrant electrometer has supplied the first 
of these deficiencies, and Mr Perry's recent experiments* on the 
conductivity of glass at different temperatures the second. The 
investigation has now been resumed; and in a preliminary 
experiment I have already obtained a very decided result. 



The drawing shows the arrangement adopted. JOT is a brass 
case immersed in an oil-bath. A copper plate, (7, of 6 centims. 

* 9e« Proo, Roy. Soc. Vol. xxm. 1875, p. 468^ 
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diameter, lies m the case on a block of wood , it is kept metallic- 
ally connected with the outside case, of the electrometer A 
flint-glass plate, which is found to insulate very well at ordinary 
temperatures, is laid upon 0. A zinc plate, Zj lies on the glass, 
and IS connected with the insulated electrode, /, of the electro- 
meter, by means of a wire attached to the end of a stout metalhc 
stem, Az, passing through the centre of an open vertical tube 
reaching above the level of the oil The glass was heated 
gradually, and was usually kept between 100® and 120° C, the 
temperature being measured by a thermometer, B 

Even below 60° C there is a decided result, but shown less 
rapidly than at higher temperatures. If the glass is kept at 60° C 
for some time, and J, after having been metallically connected 
with (7, is left insulated, it soon becomes sensibly charged, and 
the charge increases till it is approximately equal to that acquired 
when zinc and copper plates in a liquid electrolyte are metallically 
connected with I and E respectively. With the hot glass, as with 
the liquid electrolyte, the charge given by the zinc to the insulated 
electrode of the electrometer is negative The charge ultimately 
reached when the temperature is 50° 0. is not exceeded at higher 
temperatures, but, as said above, when the zinc is connected 
with the copper and then insulated, the charge increases towards 
its ultimate value much more rapidly at higher temperatures 
than at lower. 

At temperatures between 100° and 120° C. there is a sensible 
diminution of the ultimate charge after the zinc has been kept 
for a short time connected with the copper and then insulated. 
There is also a slow diminution of the ultimate, or, as we may 
now call it, the temporarily static charge when the zinc plate is 
left insulated for several hours in connexion with /. 

If a small quantity of either negative or positive electricity 
be given to I (always in metallic connexion with the zinc), the 
temporarily static state is reached at about the same rate as the 
zero would be reached by conduction through the hot glass 
(according to Mr Perry^s experiments, communicated to the 
present Meeting) were the plates both of copper or both of zinc. 

After the experiment the surfaces of the copper and zinc 
plates in contact ’Ntith the glass were found to be thickly oxidized. 
The glass plate was quite cloudy after the experiment, and a 
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repetition of the experiment increased its cloudiness. This plate 
18 the flattened bottom of a flint-glass electrometer-jar 

Three smoother glass plates, tried since, show as yet no signs 
of decomposition At first they only became exhausted” (in 
their power to produce the normal charge in zinc and copper) 
after the plates had been connected for nearly a day, the glass 
being at ifrom 100° to 120° 0 , but after a time, although they 
still gave the normal charge at the beginning of the morning's 
experiments, the charge fell to zero quite rapidly (that is, in about 
an hour), even when the zmc was kept insulated 

Keepmg for a length of time the zinc charged negatively (so 
as to give to J a greater negative charge than that which it would 
have m the “temporarily static” condition of the copper, hot 
glass, and zmc) seemed to have no effect in restormg the normal 
electrolytic condition , but I propose to pursue this tnal further, 
especially with longer time for the restorative electrification 

I propose also to return to similar experiments which I made 
many years ago on the electric relations of copper, ice, and zinc. 


197. Electrical Measurement. 

l^Leoture before the Section of Mechanics at the Conferences held 
in connection with the Special Loan Collection of Scientific 
Apparatus at the South Kensington Museum, May 17, 1876,] 

[Reprinted m Popular Lectures arid Addresses, Yol. i. pp 423 — 464.] 
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198, Ravpout aUR les Machines Magn^ito- 
Sleotriques Gramme. 


[llapportti prtSBOnttJCH t\ l’E\poHitiou do Pliiladolpbie. From Joum do Phys 
Vol. VI. Avig 1877, pp. 240—242 ] 

Pluhieurs spdcimons des machines bien connues de Gramme 
sans aimaiit cracier fonnent cotte collection, quelques-uns des 
appareils exposes out fonciionn6 et produit de la luimke elec- 
triqiie. 

Les particularit^s fondamentales de la machine Gramme mdn- 
tent les plus vife 61oges ; la disposition excellente et tr^s-origmale 
des bobines mobiles onroul4os sur un anneau de fer doux, entre 
les pdles d*un aimant, permet d'obtenir non-seulement une force 
^lectromotrice et une resistance presque parfaitement umformes, 
mais ausai, je crois, une grande 6conomie ^lectrodynamique, 

Les machines Gramme de cette collection sont int^ressantes 
ausBi comme example de la m^thode mtroduite pour la premibre 
fois, je crois, par Siemens, et consistant k alimenter le magn^tisme 
induoteur par le courant induit* Si Ton considfere une telle 
machine aveo son circuit complet, et que son fer soit d6pourvu 
de tout magndtisme rdmanent, si de plus elle n’est influenc^e par 
aucune action tnagn^bique extdrieure, pas m^me celle de la Terre, 
on pout la faire toumer avec une vitesse quelconque, aussi grande 
que Ton voudra, sans produire aucun courant dlectnque ni aucime 
aimantation. A raoins que la vitesse ne d^passe une certamo 
limite, ce repos ^lectrique et cette neutrality magn6tique con- 
stituent un ytat d*4quilibre stable ; mais, si la vitesse d4passe 
une oertaine limite, qui dans la machine de Gramme, ou dans la 
machine de Siemens, est bien inf^rieure aux vitessea qu’on donne 
pratiquement k Tappareil, T^tat de repos 41eotrique et de neu- 
trality magn4tique constitue un 4quilibxe instable. Une aiman- 
tation infiniment petite du fer produite sous 1 influence de la 
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momdre action magn^tiqne ext^neure, ou un courant d'une 
faiblesee extreme d4velopp4 dans le circuit par une force t^lectro- 
motrice quelconque (par exemple celle qui pent ^tre due ^ des 
differences de temperature entre lea aoudures des diff^rents m^taux 
du circuit) determinerait imm4diatement un courant dans une 
direction ou dans Tautre^ et Tmtensite augmenterait jusqu’k 
atteindre tr^s-rapidement une limite dependant de la vitesse de 
rotation 

La force eiectromotnce induite par le mouvement pent s’ex- 
primer par la formule suivante 

NiM + 071 

dans laquelle N designe le nombre de tours dans Tumte de temps, 
M une quantity dependant de Taamantation du fer, G une con- 
stante dependant de la forme et de la dimension des bobines, et 
7 Tintensite du courant qui traverse actuellement le circuit. Si 
It est la resistance de ce circuit, nous devrons done avoir 

N(M^GY) 

E 

Supposons maintenant que Taimantation du fer d^pende uni- 
quement de Taction magn^tique du courant, en negligeant le 
magnetisme remanent, nous avons 

Jlf = GJ7, 

oil Gi est une constante qui depend de la machine, I la capacity 
inductrice magn^tique du fer, ou une moyenne de la capacity 
inductrice magn^tique efficace, quand le courant est assez intense 
(ce qui sera gdneralement le cas) pour rendre la capacite inductrice 
inegale dans les diffdrents points. On doit, en g^n^ral, consid^rer 
I comme une quantity variant avec F, to uj ours positive, constante 
(soit Jo) pour de trfes'petites valeurs de F, et qui enfin varie 
comme 1/F quand F est infiniment grand. Nous voyons ainsi 
que, pour de trbs-petites valeurs de F, il ne pent y avoir ^quilibre 
que SI F=0, et IMquilibre est instable, k moms que N'<RI{GiIq+G), 
Quand N > Rj{G-^lQ + (7), le courant part d’une valeur trfes-petite, 
dans un sens quelconque, et croit jusqu’it ce que I devienne assez 
petit pour rendre N =i2/((7i J + 0)*. 

* [Of injra, foot of p 437, also tlie general graphical procedure as developed 
by J. and E Hopkinson, Fhih Trans. 1886, or Collected Papers of J Hopkmson, 
Vol, L p. 84 ] 
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S’ll arnvaifc que Ton elit N > B/G, le courant augmenterait 
sans limite et les bobines fondraient indvitablement, quelque 
m^tbode de refroidissement que Ton puiase employer pour les 
mamtenir froides, mais, pour les vitesses extremes que peut 
atteindre la machine dans la pratique, on a certamement N<RlO, 
et Tintensit^ du courant est pratiquement limit^e par une reduc- 
tion moderee de / vers son minimum qui est nul. La loi suivant 
laquelle hintensit6 du courant augmente avec la vitesse de 
rotation de la machine est un sujet important pour des rechercb.es 
scientifiques 

En outre de ces relations th6oriques tres-mtdressantes, les 
tnachines Gramme expos6es ont des apphcations pratiques k 
I’dlectro-metallurgie, k r6clairage des manufactures, des phares et 
des navires, et serviront peut-§tre aussi, dans ravenir, k r^clairage 
des villes et des maisons d'habitation. 
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199 . The Effects of Stress on the Magnetization 
OF Iron, Cobalt, and Nickel 

[From Roy Instit Proc Yol. VUL 1879 [May 10, 1878], pp 591 — 593^] 

Though, as discovered loj Faraday, every substance has a 
susceptibility for inductive magnetization, the three metals, iron, 
nickel, cobalt, stand out so prominently from among the other 
known chemical elements, that they only are commonly regarded 
as the magnetic metals, and the magnetism of all other substances 
IS so feeble as to be comparatively almost imperceptible. 

The magnetization of each of the three magnetic metals is 
greatly affected by mechamcal stress From the begmnings of 
magnetic science it must have been known that the magnetism 
of iron and steel is disturbed, sometimes lost or much diminished, 
by blows, stnkmg the metal with a hammer, or letting it fall on 
hard ground Gilbert, nearly three hundred years ago, showed 
that bars of soft iron held m the direction of the dippmg needle 
and struck violently by a hammer acquire much more magnetism, 
and agam more reverse magnetism when mverted m that hne, 
than when placed in those positions gently without shock of any 
kind. An ordinary fireside poker shows these effects splendidly, 
with no other apparatus than a little pocket-compass or a sewing 
needle, magnetized and slung horizontally, hanging by a fine silk 
thread. If habitually the poker rests upright the upper end will 
be found a true north pole, the lower a true south when first 
tested by the needle Holding the poker with exceeding gentle- 
ness, invert it — The end that was down, though now up, is still a 
true south pole, and repels the north end (or true south pole) ol the 
movable suspended needle. A gentle tap with the hand on the 
poker now produces a surprising result Instantly it yields to 
the terrestrial mfluence, and its upper end, becoming a true north 
pole, attracts the northern end of the suspended needle. Even 

* [For the complete expemnental inveetigation, see Phil Trans May 23, 1878 , 
repnnted in Math and Phys PajperSf Yol n pp 368 — 896 and pp 408 — 407.] 
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more surprising is the slightness of the agitation which suffices 
to shake the retained magnetism of a former position out of a 
soft iron wire, and let it take the magnetization due to the 
position in which it is held A superstitious person would say — 
that is animal magnetism ’ — when he sees an iron wire hecoming 
a notably effective magnet when held vertically and rubbed gently 
from end to end between finger and thumb 

Changes of magnetism produced by mechamcal agitation are 
shown to a much greater degree in thin bars than m thick ones ; 
and when the diameter exceeds a quarter of the length they are 
hardly sensible. Hence when the ‘"Flinders bar” is applied to 
compensate the error produced in a ship’s compass by change of 
magnetic latitude, its length ought not to be more than six or 
seven times its diameter ; and for the same reason long iron rods 
or stanchions in the neighbourhood of a compass are very detri- 
mental to its trustworthiness Half a hundredweight of iron m 
the shape of rails or awning stanchions, too often to be found very 
near a compass, is more dangerous than tons or hundreds of 
tons in the shape of heavy steam steenng gear, or of armoured 
turrets in an ironclad. 

A piece of iron left m the Royal Institution by Faraday, with 
a label in his own handwritmg to the effect that it had been 
between three hundred and four hundred years fixed in a vertical 
position in the stonework of the Oxford Cathedral, having been 
given to him by Hr Buckland in May, 1835, was exhibited and 
tested. It was found to have its upper end a true north pole 
It was inverted before the audience, and instantly that end became 
a true south pole and the other a true north pole Thus nearly 
four hundred yeai^ in one position had done nothing to juc the 
magnetism. In its inverted position it was hammered violently 
on each end by a wooden mallet * this increased the magnetism 
somewhat, but did not fix it. The bar was inverted again, and 
then, in its first position, its original upper end, now up again, 
became again a true north pole. 

The stoutness of the bar (that is to say, the greatness of the 
proportions of its breadth and thickness to its length) were such^ 
that if of modem iron, it probably would not have behaved as it 
did; but probably also it may have been superior in “softness” to 
the ordinary run of modem bar iron. 
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Bara of nickel and cobalt, unique and splendid specimons, for 
which the speaker was indebted to the celebrated metalhirgieal 
chemist, Mr Wharton, of Philadelphia, were exhibited, and found 
to show effects of concussion quite as do bars of iron of different 
qnahties 

An altogether new effect of stress was discovered about ton 
years ago by Villari, according to which longitudinal pull augments 
the temporary induced magnetism of soft iron bars or wires when 
the magnetizing force is less than a certain critical value ; and 
diminishes it when the magnetizing force exceeds that value ; and 
augments the residual magnetism when the magnetizing force> 
whether it has been great or small, has been removed. 

The speaker had measured approximately the Villari critical 
value, and found it to he about twenty-four times the vertical 
component of the terrestrial magnetic force (or about 10 G.GS. 
units) The maximum effect m the way of augmentation hy pull 
he had found with about six times the Glasgow vertical force* 
He had found for bars of nickel and cobalt opposite effects to 
those of Villari for soft iron, and had found a maximum value, 
with a certain degree of magnetizing force, and evidence making 
it probable that a critical magnetizing force would be found for 
each of these metals also, such that the magnetization would be 
increased by pull when the magnetizing force exceeds it. 

The speaker had found corresponding effects of transverse pull 
in soft iron, and had found them to be correspondingly opposite 
to those discovered hy Villan for longitudinal pull. The transverse 
pull was produced by water pressure in the interior of a gun- 
barrel apphed by a piston and lever at one end. Thus a pressure 
of about 1000 lbs per square inch, applied and removed at 
pleasure, gave effects on the magnetism induced in the vertical 
g^n-barrel by the vertical component of the terrestrial magnetic 
force, and, again, hy an electnc current through a coil of insulated 
copper wire round the gun-barrel, which were witnessed by the 
audience When the force magnetizing the gun-barrel was any- 
thing less than about sixty times the Glasgow value of the vertical 
^mponent of the terrestrial force, the magnetization was found 
to^ be less with the pressure on than off. When the magnet^ 
mng force exceeded that critical value, the magnetization wtw 
greater mth the pressure on than off. The residual (returned) 
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magnetism was always less with the pressure on than off (after 
ten or a dozen ''ons'' and ^'offs” of the pressure to shake out as 
much of the magnetization as was so loosely held as to be shaken 
out by this agitation). 

It IS remarkable that the critical amount of the maguetizmg 
force in respect to effect of transverse pull is more than double 
that of the Villari effect of longitudinal pull Thus for inter- 
mediate amounts of force (say forces between 10 and 25 c.G.S. 
units)j both longitudinal pull and transverse pull diminish the 
induced magnetization Hence it is to be inferred that equal 
pull m all directions would dimmish, and equal positive pressure 
in all directions would increase, the magnetization under the 
mfluence of force between these critical values, and through some 
range above and below them, and not improbably for all amounts, 
however large or small, of the magnetizing force, but further 
expenraent is necessary to answer this question 

A most interesting further inquiry m connection with this 
subject IS to find if aolotropic stress (pressure unequal m different 
directions), beyond the limits of elasticity, leaves in iron, nickel, 
or cobalt a permanent molotropic difference of magnetic suscepti- 
bility in different directions analogous to that discovered thirty 
years ago by Tyndall in the diamagnetic quality of soft, im- 
perfectly elastic material, such as fresh bread. Special difficulties 
prevented the speaker from obtaining any results thirty years ago, 
when he tried to discover corresponding effects m iron ; but the 
investigation is not hopeless, and he intends to resume it. 


K. V. 
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200. On the Efpeot of Torsion on the Electrical 
O oNDTJCTivrrj of Metals 

[From Phya Soo Proc Vol in [May 25, 1878, title only], p 4 , 

Nobture^ Yol xvnL June 13, 1878, pp 180, 181 ] 

The lecturer pointed out that torsion of a metal tube within 
its limits of elasticity produces seolotropic stress, of which the 
mutually perpendicular Imes of maximum extension and maximum 
contraction are spirals, each very nearly at 45 deg to the length 
of the tube. From the author's early experiments — described in 
his paper on the Electrodynamic Quahties of Metals, published 
in the Transactions of the Eoyal Society for 1866 — showing a 
diroinution of electric conductivity by pulhng force in metallic 
wires, and Mr Tomlmson s recent confirmations and extensions of 
those results, it is to be expected that the conductivity of the 
substance will be less in the direction of extension and greater in 
the direction of contraction in the stressed substance than the 
conductivity, equal in all directions, of the substance when free 
from stress Hence, if an electric current be maintamed along a 
tube, torsion would cause it to flow in spiral stream lines, with 
spirality of opposite name to that of the twist The whole flow 
may be resolved mto two components, one right along the tube 
the other round it. The latter would — like the current through 
a galvanometer coil — deflect a needle hung in the interior of th€ 
tube, with its axis perpendicular to the tube when undisturbed 
or it would magnetize a bar or wire of soft iron placed within th€ 
tube. The current itself would, except near the ends of the tube 
produce no external effect directly, but either of those appliancei 
may be used to give an external mdication Since the las 
meeting of the Physical Society, when the lecturer raised th< 
question of the spiral electric stream lines in a twisted tube 
experiments had been made for him by Mr Macfarlane in th< 
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physical laboratory of the University of Glasgow on the last- 
mentioned plan, and on the former plan by Mr J T. Bottomley 
in the physical laboratory of King’s College, London, by kind 
permission of Professor Adams, and with the valuable assistance 
of his staff Mr Macfarlane, using a small mirror magnetometer 
suspended externally m the neighbourhood of one end of an iron 
wire placed within a brass tube, found that when the spiral was 
right-handed the end of the wire next that end of the tube by 
which the current enters becomes a true north pole Mr Bottomley, 
with the cell and suspended mirror and needle of an ordinary 
dead beat mirror galvanometer, supported by an independent 
support withm a brass tube along which a current is maintained, 
found that the true north pole of the needle is moved towards 
the end of the tube by which the current enters Thus, both 
Mr Macfarlane’s and Mr Bottomley’s observations confirm the 
anticipation that the electric conductivity is least in the direction 
of greatest extension, and greatest in the direction of greatest 
contraction of metal. 

The apparatus by which Mr Bottomley had made his experi- 
ments was exhibited to the meeting. It included a mode of 
balancmg the effect on the internal needle by placing a circular 
portion of the mam circuit at a proper distance from it, the 
centre and the plane of the circle being in and perpendicular to 
the axis of the tube. From a measurement of the distance from 
the centre of the circle to the needle, when the balance is obtained, 
the ratio of the maximum to the minimum conductivity can be 
calculated. 


27—2 
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201. Parliambntaet Evidence regarding Electric Light 
AND Power [Abstract.] 

[From Nature, YoL xx May 29, ISVO, pp 110, 111 ] 

' Sir William Thomson gave some valuable evidence on 
Friday before tbe Select Committee engaged in considering the 
subject of tbe electric hght He said that whereas one-horse- 
power of energy would only produce 12-candle gas light, it 
might produce 2,400-candle electric hght, "'The upshot of the 
experiments made at the factory of Messrs Siemens, at Woolwich, 
and at the natural philosophy class of the University of Edinburgh, 
was that, allowmg the practical estimate of one-horse-power 
apphed in driving the engine, it had produced 1,200 candles of 
actual visible electric light, half the gross energy going to produce 
the hght while the other half was lost in heating the machine 
and the wires As the electric light was such an economical 
producer he anticipated that it had a great and immediate future 
before it He beheved before long it would be used in every case 
where a fixed hght was required, whether in large rooms or small 
ones — even in passages and staircases of private dwelhngs There 
was immense promise m the actual work earned out by practical 
men m the present day. There was a prodigiously greater economy 
in the transmission of mechamcal force into energy in the case of 
the electric hght than m the case of gas With regard to regu- 
lators for the electnc hght, he had seen one the previous day — 
the Siemens regulator — which gave a steady, pure, and quiet hght 
The electnc hght was especially adapted for being placed high 
where it illuminated a wide area. It might be put upon an iron 
pole raised 60 feet high, or the old French plan of swinging a 
lamp on a wire from one side of the street to the other might be 
followed with advantage Such a plan would be useful in doing 
away with the necessity for opal globes, which destroyed a large 
quantity of the illuminating quabty of the light Indeed, he was 
surprised that these globes had ever been used, wasting as they 
did 60 or 60 per cent of the illuminating power He considered 
that the advantages of using the electnc hght withm buildmgs 
would be very great, because of the small effect it would have 
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when compared with gas in heating and vitiating the atmosphere. 
In the case of electncity, the waves of light only became converted 
into sensible heat, not in the air, but on the ceiling or walls and 
floor of the room after they had done their work With regard 
to the subdivision of the light, according to practical experiments, 
if the same amount of energy that was used in producing one 
large light was employed in producing ten feebler lights, none of 
those lights gave one-tenth of the amount of illumination of 
the one large concentrated light Still there was nothing mathe- 
matically impossible in the matter, and it was quite possible that 
a plan of subdivision might be found by which the ten feebler 
lights would give a sum of illumination equal to that of the one 
larger light He considered that the electric light as now 
developed was fit for use in large rooms He was also of opinion 
that a great deal of natural energy which was now lost might be 
advantageously applied in the future to lighting and manufactures. 
There was a deal of energy m waterfalls. In the future, no doubt, 
such falls as the Falls of Niagara would be extensively used — 
indeed, he believed the Falls of Niagara would in the future be 
used for the production of light and mechanical power over a large 
area of North America. The electricity produced by them might 
be advantageously conducted for hundreds of miles, and the manu- 
factories of whole towns might be set in motion by it. Powerful 
copper conductors would have to be used — condtictors of a tubular 
form with water flowing through them to keep them cool. There 
would be no limit to the application of the electricity as a motive 
power , it might do all the work that could be done by steam- 
engines of the most powerful description. It seemed to him that 
legislation, in the interests of the nation and in the interests of 
mankind, should remove as far as possible all obstacles such as 
those arising from vested interests, and should encourage inventors 
to the utmost. As to the use of electricity by means of the Falls 
of Niagara, his idea was to drive dynamic engines by water power 
in the neighbourhood of the Falls, and then to have conductors to 
transmit the force to the places where illumination or the develop- 
ment of mechanical power was wanted. There would he no 
danger of terrible effects being brought about accidentally by the 
use of such a terrific power, because the currents employed would 
be continuous and not alternating/’ This may be called a fanatical 
view of the electric light,. 
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202. On a Method of Measueinq Contact Electeioity. 


[From British Association Report, 1880, pp 494 — 496, Nature, Vol. xsni 
April 14, 1881, pp 567, 668 ] 

In my reprmt of Papers on ‘Electrostatics and Magnetism,’ 
§ 400 (of date January 1862), I described briefly this method, m 
connection with a new physical principle, for exhibiting contact 
electricity by means of copper and zinc quadrants substituted for 
the uniform brass quadrants of my quadrant electrometer I had 
used the same method, but with movable discs for the contact 
electncity, after the method of Volta, and my own quadrant electro- 
meter substituted for the gold-leaf electroscope by which Volta 
himself obtained his electee mdications, m an extended series of 
experiments which I made m the years 1869-61. 

I was on the point of transmittmg to the Royal Society a 
paper which I had wntten describing these experiments, and 
which I still have in manuscript, when I found a paper by Hankel 
“ Poggendorff’s AnnaZen for January 1862, in which results 
altogether in accordance with my own were given, and I withhold 
my paper till I might be able not merely to describe a new 
method, but. if possible, add something to the available information 
regarding the properties of matter to be found in Hankel’s paper, 
I have made many experiments from time to time since 1861 by 
the same method, but have obtained results merely confirmatory 
of what had been pubhshed by Pfaff in 1820 or 1821, showing the 
phenomena of contact electricity to be independent of the sur- 
agreeing in the mam with the numerical values 
of the contact differences of different metals which Hankel had 
pnbhsh^, and I have therefore hitherto published nothing except 
the shght statements regarding contact electricity which appear 
m my ‘Electrostatics and Magnetism.’ As mterest has been 
recently revived m the subject of contact electncity, the following 
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description of my method may possibly prove useful to experi- 
menters The same method has been used to very good effect, 
but with a Bohnenberger electroscope instead of my quadrant 
electrometer, in researches on contact electricity by Monsieur H. 
Pellat, described in the Journal de Physique for May 1880 

The apparatus used in these experiments was designed to 
secure the following conditions — To support two circular discs of 
metal about four inches in diameter in such a way that the 
opposing surfaces should be exactly parallel to each other and 
approximately honzontal , and that the distance between them 
might be varied at pleasure from a shortest distance of about 

of an inch to about a quarter or half an inch. The lower plate, 
which was the insulated one, was fixed in a gbxas stem rising from 
the centre of a cast-iron sole plate The upper plate was suspended 
by a chain to the lower end of a brass rod shding through a 
steadying socket in the upper part of the case. A stout brass 
flange fixed to the lower end of this rod bears three screws, one 
of which, Sj is shown in the drawing [omitted], by which the upper 
plate can be adjusted to parallelism to the lower plate The other 
apparatus used consisted of a quadrant electrometer and a gravity 
DanielFs cell of the form which I descnbed in Proo. P, S, 1871 
(pp. 263 — 269) with a divider by which any integral number of 
per cents, from 0 to 100 of the electromotive force of the cell 
could be established between any two mutually insulated homo- 
geneous metals in the apparatus. 

Gonnections, 

The insulated plate was connected by a brass wire passing 
through the case of the contact instrument to the electrode of the 
insulated pair of quadrants, The upper plate was connected to 
the metal case of the Volta condenser and to the metal case of 
the electrometer, one pair of quadrants of which were also con- 
nected to the case. One of the terminals of the divider, which 
connected the poles of the cell, was connected to the case of the 
electrometer, and to the other terminal was attached one of the 
contact wires, which was a length of insulated copper wire having 
soldered to its outer end a short piece of platinum. The other 
contact surface was a similar short piece of platinum fixed to the 
insulated electrode of the electrometer. Hence it will be seen 
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that contact between the two plates was eflected by putting tho 
divider at zero and bringing into contact the two pieces of 
platinum wire. 


Ord&i^ of Eayperimmt 

The shdmg piece of the divider was put to zero, and contact 
made and broken and the upper plate raised, when tho deflection 
of the spot of hght was observed. These operations were repeated, 
with the shdmg piece at different numbers on the divider scale, 
until one was found at which the make-break and separation 
caused no perceptible deflection. The number thus found on the 
divider scale was the number of per cents which was equal to tho 
contact electric difference of the Volta condenser. 


203 On the Effect of Moistening with Water the Op- 
posed Metallic Surfaces in a Volta-condenser, and 
OF Substituting a Water Arc for a Metallic Arc in 
the Determining Contact. 

[From Edxnh Roy , Soc Proc YoL xi [read Feb 21, 1881], 136, title only*] 
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204 The Storage of Electric Energy. 

[From Nature^ YoL xxiv June 16, 1881, pp 137, 166, 167.] 

I AM continuiDg my expenments on the Faure accumulator 
with every-day increasing mterest I find M. Reynier’s statement, 
that a Faure accumulator, weighing 76 kilograms (166 lbs.) can 
store and give out again energy to the extent of an hours work 
of one-horse-power (2,000,000 foot-pounds) amply confirmed. 
I have not yet succeeded m making the complete measurements 
necessary to say exactly what proportion of the energy used in the 
charging is lost m the process of charging and discharging If 
the processes are pushed on too fast there is necessarily a great 
loss of energy, just as there is m driving a small steam-engine 
so fast that energy is wasted by ** wire-drawing” of the steam 
through the steam pipes and ports. If the processes are carried 
on too slowly there is inevitably some loss through local action, 
the spongy lead becoming oxidised, and the peroxide losing some 
of its oxygen viciously, that is to say, without doing the proper 
proportion of electric work in the circuit. I have seen enough 
however to make me feel very confident that in any mode of 
working the accumulator not uselessly slow, the loss from local 
action will be very small. I think it most probable that at rates 
of working which would be perfectly convenient for the ordinary 
use of fixed accumulators in connection with electric lighting and 
electric transmission of power for driving machinery, large and 
small, the lose of energy in charging the accumulator and taking 
out the charge again for use will be less than 10 per cent, of the 
whole that is spent in charging the accumulator: but to realise 
such dynamical economy aa this prime cost in lead must not be 
stinted. I have quite ascertained that accumulators amounting 
in weight to three-quarters of a ton will suffice to work for six 
hours from one charge, domg work dunng the six hours at the 
uniform rate of one-horse-power, and with very high economy, 
I think it probable that the economy will be so high that as 
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much as 90 per cent, of the energy spent an the charge will be 
given out in the circuit external to the accumulator When, as 
in the proposed application to driving tramcars, economy of weight 
is very important, much less perfect economy of energy must be 
looked for. Thus, though an eighth of a ton of accumulators 
would work very economically for six hours at one-sixth of a 
horse-power, it would work much less economically for one hour 
at one horse-power , but not so uneconomically as to be practically 
fatal to the proposed use It seems indeed very probable that a 
tramcar arranged to take m, say 7^ cwt of freshly-charged 
accumulators, on leaving headquarters for an hour^s run, may be 
driven more economically by the electric energy operating through 
a dynamo-electric machine than by horses The question of 
economy between accumulators carried in the tramcar, as in 
M. Faure's proposal, and electricity transmitted by an insulated 
conductor, as m the electric railway at present being tried at 
Berhn by the Messrs Siemens, is one that can only be practically 
settled by experience In circumstances in which the insulated 
conductor can be laid, Messrs Siemens' plan will undoubtedly be 
the most economical, as it will save the carriage of the weight 
of the accumulators. But there are many cases in which the 
insulated conductor is impracticable, and in which M. Faure’s 
plan may prove useful. Whether it be the electnc railway or 
the lead-dnven tramcar, there is one feature of peculiar scientific 
interest belongmg to electrodynamic propulsion of road carriages* 
Whatever work is done by gravity on the carriage going down 
hill will be laid up m store ready to assist afterwards m drawing 
the carnage up the hill, provided electric accumulators be used, 
whether at a fixed dnvmg station or m the carnage itself. 


[Letters to the Tirnes^ June 6, 9, 11 ] 

The marvellous ''box of electricity" descnbed in a letter to 
you which was pubhshed in the Times of May 16, has been 
subjected to a vanety of tnals and measurements in my laboratory 
for now three weeks, and I think it may interest your readers bo 
learn that the results show your correspondent to have been by 
no means too enthusiastic as to its great practical value. I am 
continuing my expenments to learn the behaviour of the Faure 
battery m varied circumstances, and to do what I can towards 
finding the best way of arranging it for the different kind$ of 
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service to which it is bo be applied At the request of the Conseil 
d' Administration of the Soci6t4 de la Force et la Lumifere, I have 
gladly undertaken this work, because the subject is one m which 
I feel intensely interested, seeing m it a realisation of the most 
ardently and unceasingly felt scientific aspiration of my life — an 
aspiration which I scarcely dared to expect or to hope to live to 
see realised. 

The problem of conveiting energy into a preservable and 
storable form, and of laying it up in store conveniently for 
allowing 10 to be used at any time when wanted, is one of the 
most interesting and important in the whole range of science. It 
IS solved on a small scale in winding up a watch, in drawing a 
bow, in compressing air into the receiver of an air-gun or of a 
Whitehead torpedo, in winding up the weights of a clock or other 
machine driven by weights, and in pumping up water to a height 
by a windmill (or otherwise, as m Sir William Aimstrong’s 
hydraulic accumulator) for the purpose of using it afterwards to 
do work by a waterwheel or water pressure on a piston. It is 
solved on a large scale by the application of burning fuel to smelt 
zinc, to be afterwards used to give electric light oi to dnve an 
electro-magnetic engine by becoming, as it were, unsmelted in a 
voltaic battery. Ever since Joule, forty years ago, founded the 
thermodynamic theory of the voltaic battery and the electro- 
magnetic engine, the idea of applying the engine to work the 
battery backwards and thus restore the chemical energy to the 
materials so that they may again act voltaically, and again and 
again, has been familiar in science. Bub with all ordinary forms 
of voltaic battery the realisation of the idea to any purpose 
seemed hopelessly distant. By Plante’s admirable discovery of 
the lead and peroxide of lead voltaic battery, alluded to by your 
correspondent, an important advance towards the desired object 
was made twenty years ago ; and now by M. Paure’s improvement 
practical fruition is attained. 

The '^million of foot pounds” kept in the box during its 
seventy-two hours’ journey from Pans to Glasgow was no ex- 
aggeration. One of the four cells, after being discharged, was 
recharged again by my own labomtory battery, and then left to 
itself absolutely undisturbed for ten days. After that it yielded 
to me 260i000 f^dt p(mbds (or a little more than a quarter of a 
million) Thi^ Hot ^ ofrly nsonfirms M BeymePs measurements, 
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on the faith of which your correspondent’s statement was made ; 
it seems further to show that the waste of the stored energy by 
time is not great, and that for days or weeks, at all events, it 
may not be of practical moment This, however, is a question 
which can only be answered by careful observations and mejisure- 
ments earned on for a much longer time than I have hitherto 
had for mvestigating the Faure battery I have already ascer- 
tained enough regarding its qualities to make it quite certain that 
it solves the problem of stormg electric energy in a manner and 
on a scale useful for many important practical applications. It 
has already had m this country one inteiesting application, of 
the smallest in respect to dynamical energy used, but not of the 
smallest in respect to beneficence, of all that may be expected of 
it A few days ago my colleague, Prof George Buchanan, carried 
away from my laboratory one of the lead cells (weighing about 
18 lbs ) in his carnage, and by it igmted the thick platinum wire 
of a galvanic 4craseur and bloodlessly removed a naevoid tumour 
from the tongue of a young boy in about a minute of time The 
operation would have occupied over ten minutes if performed 
by the ordinary cham iciaseur, as it must have been had the 
Faure cell not been available, because m the circumstances the 
surgical electncian, with his paraphernalia of voltaic battery to 
be set up beforehand, would not have been practically admissible. 

The largest useful apphcation waitmg just now for the Faure 
battery — and it is to be hoped that the very mimmum of time 
wJl be allowed to pass till the battery is supplied for this appli- 
cation — IS to do for the electnc light what a water cistern in a 
house does for an inconstant water supply. A little battery of 
seven of the boxes desenbed by your correspondent suffices to 
give the incandescence in Swan or Edison lights to the extent of 
100 candles for six hours, without any perceptible diminution of 
brilhancy Thus, mstead of needing a gas engine or steam 
engine to be kept at work as long as the light is wanted, with 
the hability of the light failing at any moment through the 
slipping of a belt — an accident of too frequent occurrence — or 
any other breakdown or stoppage of the machinery, and instead 
of the wasteful mactivity during the hours of day or night when 
the hght is not required, the engme may be kept going all day 
and stopped at night, or it may be kept going day and night, 
which will undoubtedly be the most economical plan when the 
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electnc light comes into general enough use. The Faure accu- 
mulator, always kept charged from the engine by the house 
supply wire, with a proper automatic stop to check the supply 
when the accumulator is full, will be always ready at any hour of 
the day or night to give whatever light is required Precisely the 
same advantages in respect of force will be gained by the accumu- 
lator when the electnc town supply is, as it surely will be before 
many years pass, regularly used for turning lathes and other 
machinery m workshops and sewing-machines in private houses 

Another very important application of the accumulator is for 
the electric lighting of steamships A dynamo-electric macbme 
of very moderate magnitude and expense, driven by a belt from 
a dium on the main shaft, working through the twenty-four 
houis, will keep a Faure accumulator full^ and thus, notwith- 
standing irregularities of the speed of the engine at sea or 
occasional stoppages, the supply of electncity will always be ready 
to feed Swan or Edison lamps in the engine-room and cabins, 
or arc lights for mast-head and red and green side lamps, with 
more certainty and regularity than have yet been achieved in the 
gas supply for any house on terra firma, 

I must apologise for trespassing so largely on your apace. 
My apology is that the subject is exciting great interest among 
the public, and that even so slight an instalment of information 
and suggestions as I venture to offer in this letter may be accept- 
able to some of your readers. 

Your leading article in the Times of yesterday, on the storage 
of electncity, alludes to my having spoken ot Niagara as the 
natural and proper chief motor for the whole of the North 
American Continent. I value the allusion too much to let it 
pass without pointing out that the credit of originating the idea 
and teaching how it is to be practically realised by the electric 
transmission of energy is due to Mr C. W. Siemens, who spoke 
first, I believe, on the subject m his presidential address to the 
Iron and Steel Institute in March, 1877. I myself spoke on the 
subject in support of Mr Siemens's views at the Institution of 
Civil Engineers a year later. In May, 1879, m answer to 
questions put to me by the Select Committee of the House of 
Commons on Electnc Lighting, I gave an estimate of the quantity 
of copper conductor that would be suitable for the economical 
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transmission of power by electncity to any stated distance*, and, 
taking Niagara as example, I pointed out that, under practically 
realisable conditions of intensity, a copper wire of half an inch 
diameter would suffice to take 26,260 horse-power from water- 
wheels driven by the Fall, and (losing only 20 per cent, on the 
way) to yield 21,000 horse-power at a distance of 300 British 
statute miles , the prime cost of the copper amounting to 
60,000 l,y or less than 3 1. per horse-power actually yielded at the 
distant station. 

If you do me the honour to publish a letter which I wrote to 
you yesterday regarding the electric transmission of energy it will 
be seen that I thoroughly sympathise with Prof Osborne 
Reynolds in his aspirations for the utilisation of Niagara as a 
motor, but that neither Mr Siemens nor I agree with him in the 
conclusion which he asserts m bis letter to you, published in the 
Times of to-day, that electncity has been tned and found wanting 
as a means for attaining such objects. The transmission of power 
was not the subject of my letter to you published in the Times 
of the 9th inst., and Prof. Reynolds’ disappointment with M. Faure’s 
practical realisation of electnc storage^ because it does not provide 
a method of porterage supenor to conduction through a wire, is 
like bemg disappomted with an invention of improvements in 
water cans and water reservoirs because the best that can be 
done m the way of movable water cans and fixed water reservoirs 
will never let the water-carrier supersede water-pipes wherever 
water-pipes can be laid. 

The oz. of coal cited by Prof. Osborne Reynolds as con- 
tammg a million of foot-pounds stored in it is no analogy to the 
Faure accumulator containing the same amount of energy The 
accumulator can be re-charged with energy when it is exhausted, 
and the fresh store drawn upon when needed, without losing 
more than 10 or 16 per cent, with arrangements suited for 
practical purposes If coal could he unbumed — that is to say, if 
carbon could be extracted from carbonic acid by any economic 
process of chemical or electnc action, as it is in nature by the 
growth of plants drawing on sunlight for the requisite energy — * 
the result would be analogous to what is; done ifi Faure’s accu- 
mulator. ( ^ ' 

* [Of p, t ; I i f 
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206. On some Uses of Faure's Aooumulatob in conneotion 
WITH Lighting by Electricity. 


[From Bntuh Association Report ^ 1881, p 526 ] 

The largest use of Faure’s accumulator in electnc lighting 
was to allow steam or other motive power and dynamos to work 
economically all day, or throughout the twenty-four hours where 
the circumstances were such as to render this economical, and 
storing up energy to be drawn upon when the light was required. 
There was also a very valuable use of the accumulator in its 
application as an adjunct to the dynamo, regulating the light- 
giving current and storing up an irregular surplus in such a 
manner that stoppage of the engine would not stop the light, but 
only reduce it slightly, and that there would always be a good 
residue of two or three hours’ supply of full lighting power, or a 
supply for eight or ten hours of light for a diminished number 
of lamps. The speaker showed an automatic instrument which he 
had designed and constructed to break and make the circuit be- 
tween the Faure battery and the dynamo, so as automatically to 
fulfil the conditions described in the paper. This instrument also 
guarded the coils of the dynamo from damage, and the accu- 
mulator battery from loss, by the current flowing back, if at any 
moment the electro-motive force of the dynamo flagged so much 
as to be overpowered by the battery. 
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206. On the Economy of Metal in Conductors 
OF Electricity. 


[From British Assoination Re^ort^ 1881, pp 526 — 628 , Lum J^Uc, 
Vol V Oct 12, 1881, pp 66, 66.] 


The most economical size of the copper conductor for the 
electric transmission of energy, whether for the electric light or 
for the performance of mechamcal work, would be found by com- 
paring the annual interest of the money value of the copper with 
the money value of the energy lost m it annually m the heat 
generated m it by the electric current, The money value of a 
stated amount of energy had not yet begun to appear m the City 
price hats If £10 were taken as the par value of a horse-power 
night and day for a year, and allowing for the actual value being 
greater or less (it might be very much greater or very much less) 
according to circumstances, it was easy to estimate the right 
quantity of metal to be put mto the conductor to convey a current 
of any stated strength, such as the ordinary strength of current 
for the powerful arc light, or the tenfold strength current (of 
240 webers) which he (Sir William Thomson) had referred to in 
his address as practically suitable for delivering 21,000 horse-power 
of Niagara at 300 miles from the fall, 


He remarked that (contrary to a very prevalent impression 
and hehef) the gauge to be chosen for the conductor does not 
depend on the length of it through which the energy is to bo 
transmitted. It depends solely on the strength of the current 
to he used, supposmg the cost of the metal and of a unit of 
energy to be determmed. 


Let A be the sectional Eurea of the conductor , b the specific 
resistance (according to bulk) of the metal ; and strength 

of the current used. The energy converter ipto |i^at aAtd so lost> 
per second per centimetre, is s(?jA ergs„ « j 5 i | I ^ 

. . ‘ - i 1! I i U i 1 h r ‘ 
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Let p be tbe proportion of the whole time dunng which, in 
the course of a year, this current is kept flowing There being 
31^ million seconds m a year, the loss of energy per annum is 

31 ‘6 X Wpac^jA ergs (1). 

The cosb of this, if E be the cost of an erg, is 

31 5 X XO^psc^EjA,. . , (2), 

Let V be the money value of the metal per cubic centimetre. 
The cost of possessing it, per centimetre of length of the wire, 
at 5 per cent per annum, is 

0/20 ( 3 ). 

Hence the whole annual cost, by interest on the value of the metal, 
and by loss of energy m it, is 

■^VA -f 31 6 X lO^pso^EA’-^ (4). 

The amount of A to make this a minimum (which is also that 
which makes the two constituents of the loss equal) is as 
follows 

A = ^(31*5 X mpso^Ejij^V) 

= c^/(63xl0^p5^/K) (5). 

Takmg £70 per ton as the price of copper of high conductivity 
(known as 'conductivity copper’ m the metal market), we have 
£*00007 as the price of a gramme. Multiplying this by 8^9 (the 
specific gravity of copper), we find, as the price of a cubic centi- 
metre, 

F= £*00062 (6), 

and the assumption of £10 as the par value of one horse-power 
day and mght for 366 days gives, as the price of an erg, 

£10/(34 X 10« X 74 X 10«) = (23 x of £1 . . .(7). 

Supposmg the actual price to be at the rate of e x £10 per 
year for the horse-power, we have 




Lastly, for the specific resistance of copper, we hare 

8 = 1640 


Using (8) and (9) in (6), we find 


= 0 



63xl0’'xl640x?5e 
23 X 10“ X -00062 



..( 8 ). 

..(9). 

( 10 ). 


K. V. 


28 
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Suppose, for example, p- 5 (that is, electric work through the 
conductor for twelve hours of every day of the year to be provided 
for), and 6=1. These suppositions correspond fairly well to ordinary 
electric transmission of eneigy in towns for light, according to 
present arrangements We have 

That IS to say, the sectional area of the wire in centimetres ought 
to be about a fiftieth of the strength of the current in webers*. 
Thus, for a powerful arc-light current of 2 1 webers, the sectional 
area of the leading wire should be '4 of a square centimetre, and 
therefore its diametei (if it is a solid round wire) should be *71 of 
a centimetre 

If we take 6=1/27*6, which corresponds to £1,900 a year as 
the cost of 6,260 horse-power (see Presidential Address, Section A f), 
and if we take p = l, that is reckon for continued night and day 
electric work through the conductor, we have 

. 0 , c 

and if c = 24, A = 1 24, which makes the diameter 1 26 centi- 
metres, or half an mch (as stated m the Presidential Address). 
But even at Niagara it is not probable that the cost of an erg 
can be as small as of what we have taken as the par value for 
England ; and probably therefore a larger diameter for the wire 
than inch will be better economy if so large a current as 240 
webers is to be conducted by it. 


* [This takes the weber to be the same as the modern unit, the ampere, ■which 
ia one-tenth of the o o s unit The number 2 1 in the next line should thus be 
corrected to 21 ] 

f [neprmted m Popular Lectures and AddreseeSj Yol n pp. 488 — 460. The 
practical problem is of course entirely altered by the modem use of alternating 
currents of high voltage, transformed do'wn before use at the end of the cable.] 
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207. On the Proper Proportions of Resistance in the 
Working Coils, the Electro-magnets and the External 
Circuits op Dynamos 


{FvomBntuh A ssoomtim Report^ 528 — 631; Gompt Rend.Yol xoiii 

1881, pp 474-^79, NaUm, Yol xsiv. Sopt 29, 1881, pp. 626, 627, 
Lum Mec» Vol. iv. Sept 24, 1881, pp 385—387.] 

For the electro-magnet ; 

Let L be the length of the wire, 

B „ bulk of the whole space occupied by wire and 
insulation, 

n „ ratio of this whole apace to the bulk of the 
copper alone (that is, let JS/?i be the bulk 
of the copper), 

A „ the sectional area of wire and insulator, 

R „ the resistance of the wire. 

For the working coil, let the corresponding quantities be i', B\ 
A\ R\ Lastly, let 8 be the specific resistance of the copper. 
We have 

B = AL, R — 118 LjA « ns BjA^. 


Hence A^^J{nsB|R)^K|^JR (1), 

and similarly, A^ « s/{n!8'RIK ) « K^js/R' (2), 

where K and K' denote constants. 


Now, let G be the current through the magnet coil, and o' that 
through the working coil, and let v be the velocity of any chosen 
point of the working coil. Denoting by jp the average electro- 
motive force between the two ends of the working coil, we have 

(3); 

28— *-2 
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where I is the quantity depending on the forms, magnitudes, and 
relative positions of B and and on the magnetic susceptibility 
of iron, dimimshing as the susceptibility diminishes with increased 
strength of current, or with any change of B and Bf which gives 
increase of magnetismg force. 

In the smgle-circuit dynamo (that is, the ordinary dynamo) 
c' is equal to c, but not so in the shunt-dynamo. In each, the 
whole electric activity (that is, the rate of doing work) is pc ' , or, 
by (3), 

Icc'vjAA' . (4), 

or, by (1) and (2), 

IsJ{BB')cc'vlKK' (6) 

Of this whole work, the proportions which go to waste m heating 
the coils and to work in the external circuit are 

+ ...... , waste (6), 

^ ^ — (i2c® + i?V“). useful work (7). 


By makmg v sufficiently great, the ratio of (6) to (7) (waste to 
useful work) may be made as small as we pleasct Our question 
is, how ought B and B' to be proportioned to make the ratio of 
waste to work a mmimum, with any given speed? or, which comes 
to the same thmg, to make the speed required for a given mtio of 
work to waste a mmimum? To answer it, let r be the ratio of 
the whole work to the waste We have, by (5) and (6), 

I^/(BR)oc' V 

Bc^^B'c'^ KK' 


For the single-circmt dynamo we have c = o', and (8) becomes 


_I^/(BR) V 

R + M' KK'’ 


I»/{RiS-R)}v 

SKK' 


(9). (10), 


where 8 — B-\-B' * (11)* 

Suppose now S to be given, and suppose for a moment I to 
be constant. The problem of making r a maximum with v given, 
or a minimum with r given, requires simply that ii (fif — JB) be a 
maximum ; which it is when B = that^ when the resistances 
in the wnrkmg coil and the electrormagi^et equal. But in 
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magnetising force. As it generally depends chiefly on the soft 
iron of the electro-magnet, and comparatively but little on the 
soft iron of the moving armature, or on iron magnetised by the 
current through the moving coils, it will generally be the case 
that I will, cceteris parihis, be dimimshed by increasing It and 
diminishing R'. Hence fche maximum of r/v is shown by (10) to 
require iJ' tp be somewhat greater than JS: how much greater 
we cannot find from the formula, without knowing the law of the 
variation of I 


Experience and natural selection seem to have led m most of 
the ordinary dynamos, as now made, to the resistance in the 
electro-magnet being somewhat less than the resistance in the 
working coil, which is m accordance with the preceding theoiy, 


Whether the useful work of the dynamo be hght-giving, or 
power, or heating, or electro-metallurgy, we may, for simplicity, 
reckon it in any possible case by referring to the convenient 
standard case of a current through a conductor of given resistance 
E connecting the working terminals of the dynamo. This con- 
ductor, in accordance with general usage, I call the 'external 
circuit,' which is an abbreviation for the part of the whole circuit 
which IS external to the dynamo. In the case of the single-circuit 
dynamo, the current m the external circle is equal to that through 
the working coil and electro-magnet, or o of our notation. Hence, 
by Ohm's law, 

c^p/(E + R + R')... ( 12 ), 


or, by (3), (1), and (2), 


o = c 


Hence either 




KK\E + R + R) 


(13). 


e = 0, or I^KK'{E-\-R + R')l^iRR')v. .(14), (16). 

The caeo of c = 0 is that in which 

v<KK'{E + R + Byi, ^f(RR') ,(l6), 

where Jo denotes the value of I for To understand it, 

remember we are supposing no residual magnetism. For any 
speed subject to (16), the dynamo prodjioes no current. When 
this limit is exceeded the electric equilibrium in the circuit 
becomes unstable; an infinitesimal current started in either 
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direction rises rapidly in strength, till it is limited by equation 
(16), through the diminution of I, wbich it produces*. Thus, 
regarding J as a function of c, we have in (16) the equation 
mathematically expressmg the strength of the current main- 
tained by the dynamo when its regular action is reached. Using 
(16) in (10). we find 

r = {E + S)l8 (17), 

which we all knew forty years ago from J oule. 

In the shunt-dynamo the whole current, c', of the working coil 
branches into two streams, c through the electro-magnet, and 
c' - c through the external circuit, whose strengths are inversely 
as the resistances of their channels. Still calling the resistance 
of the external circuit E, we therefore have 

E 

cB, = (c' — c) E, which gives c = ^ c' (18). 

Hence, by Joule’s original law, the expenditures of work per unit 
of time in the three channels are respectively 

- R’c'^ working coil ' 

, ( 19 ), 

/ J? 

\ i? + jE / external circuit 

Hence, denoting aa above by r the ratio of the whole work to the 
heat developed in the external circuit, we have 



whence 


^R'R^E-^ + {R + R')E+ R{m + R)] 

Suppose now R and R given, and E to be found to make t 
a minimum. The solution is 

E^=RR?l{R + ij').,,, (22), 

and this makes 




[Of. 9xi$ra, p, 412,] 
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Put now 

KjR = e (24), 

(22) and (23) become 

^2 = i2iJ7(l + e) (25) 

and r = l + 2 (1+6)1 + 26 (26). 

For good economy r must be but little greater than unity ; 
hence e must be very small, and therefore approcoimately 

E= sJ{RR'\ and r = 1 + 2 ^6 (27) 

For example, suppose the resistance of the electro-magnet to 
be 400 times the resistance of the working coil — that is 6 = ^^^ — 
and we have, approximately, 

E^20R\ and r=l+^. 

That is to say, the resistance in the external circuit is 20 times 
the resistance of the working coil, and the useful work in the 
external circuit is approximately of that lost in heating the 
wire in the dynamo 



( 440 ) 


[208 


208. On the Illuminating Powers op Inoandesoent Vacuum 
Lamps with Measured Potentials and Measured 
Currents By Sir W. Thomson and J. T. Bottomley. 

[Prom British Association Report^ 1881, pp 659 — 661 ] 

The electromotive force used in these experiments was derived 
from Faure secondary batteries, kindly supplied for the purpose 
by the Soci6t6 la Force et la Lumi^re in their London office. '' 

Two galvanometers were used simultaneously, one called the 
potential galvanometer for measurmg the difference of potentials 
between the two teiminals of the lamp, the other (called the 
current galvanometer) for measuring the whole strength of the 
current through the lamp. 

The potential galvanometer had for its coil several thousand 
metres of No 60 (B. W Q ) silk-covered wire (of which the copper 
weighs about ^ gramme per metre, and therefore has resistance 
of about 3 ohms per metre). Its electrodes were applied direct 
on the platinum terminals of the lamp. 

The current galvanometer had for its coil a single circle of 
about 10 centimetres diameter, of thick wire placed in the direct 
circuit of the lamp, by means of electrodes kept close together at a 
sufficient distance from the galvanometer to ensure no sensible 
action on the needle except from the circle itself. The directive force 
on the needle which was produced by a large semi-circular horse- 
shoe magnet of small sectional area was about 2^ s., or 16 

times the earth's horizontal magnetic force in London. This 
arrangement would have been better for the potential galvano- 
meter also than the plan actually used for it, which need not be 
described here The scale of each galvanometer was graduated 
according to the natural tangent of the angle of deHection, so 
that the strength of the current was simply proportional to the 
number read pn the Qcale in each case^ 
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Three lamps were used, Nos. II and III of a larger size than 
No. I. The experiment was continued with higher and higher 
potentials on each lamp till its carbon broke. 

The illummatmg power was measured in the simplest and 
easiest way (which is also the most accurate and trustworthy), by 
letting the standard light and the lamp to be measured shed their 
lights nearly in the same direction on a white ground (a piece 
of white paper was used) , and comparing the shadows of a suit- 
able object (a pencil was used) , and varying the distance of the 
standard light from the white ground till the illuminations of the 
two shadows were judged equal The standard used was a regu- 
lation 'standard candle/ burning 120 grains of wax in the hour. 
The burning was not actually tested by weighing ; but it was no 
doubt very nearly right, nearly enough for aur pui'pose, which 
was an approximate determination of the iHuminating powers of 
each lamp through a wide range of electric power applied to it. 
The following results were, obtained [tables omitted]. 

Some of the irregularities of the results in the preceding 
tables are very interesting and important,' as showing the effect 
of the blackening of the glass by volatilization of the carbon when 
too high electric power came to be applied. 

The durability of the lamp at any particular power must be 
tested by months' experience before the proper intensity for 
economy can be determined. 
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209. ICUl.VANOMKXEKS VOIl] THE MEASUREMENT OP 
Ki,K(.'Thio Ourbenth and Potentials. 

[Fniiu Ohisg, Phil. Utic. Priw. Vol, xv. 1H8 1 [read Jaii 9, 1884], pp 96—101.] 

In this citmimuiictvtioii, aftor rsforring to the electrometer as 
being, when ivvailable, in one form or other, the moat proper 
instrument for inoaHuriiig (lifforerieos of electric potential (inas- 
much iifl it (liHtni’bH tho cliffbrenco of potential to he measured not 
at all, ht'cauHo the insulation of tho insulated part or parts may 
be iiiado {irael.ically perfect), it waa shown that the functions of 
an (■loetrouK'lior can, foi‘ many practical purposes, in a thoroughly 
satisfactory nianuor, bo performed by means of a galvanometer of 
high resistance. Tims, galvanometers of from 200 or 300 to 
30,000 ohms rcsistanco can be veiy conveniently used for measunng 
(Ufferonces of potoiitials of from 1 to 600 volts, provided that in 
each COSO the coil is not heated by the current produced in it so 
raiK'h as to cauHO more than allowable error by augmentation of 
its resistance. To obviate tho need for a temperature correction 
on account of tlifforence of atmospheric temperature it is necessary, 
for fairly satisfiictory accuracy in ordinary practice, to have the 
coils of potential galvanometers made of German silver wire 
instead of copper. In oases, however, in which the sensibility 
obtainable by copper is desired, the galvanometer coils may be 
made of copper wire, but the proper temperature correction, 
amounting approximately to '89 per cent, per degree centigrade, 
must be carefully applied. But there is no need for the sensibility 
obtainable by copper coils in almost any of the practical applica- 
tions of cleotrioity except telegraphy; and for general use in 
scientific laboratories, or in electrical factories, or in connection 
with electric light installations, the potential galvanometer ought 
to have its coils of German silver wire, because the increase of 
resistance for this alloy is only abonfe ’0,4 per cent, per degree 
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centigrade, and is less than for any other known and practically 
available metal. 

The author showed a new form of potential galvanometer, with 
four German silver coils acting on the two needles of an astatic 
combination hung by a single silk fibre. The astatic combination 
has for most practical applications great advantage over the single 
needle galvanometer, in respect to liability to disturbance by 
magnets in its neighbourhood The new form of astatic needle 
galvanometer, whether for current or potential, may be used even 
m close proximity to a djmamo machine without being sensibly 
disturbed. In this instrument the two needles of the astatic 
combination are controlled by two equal magnets, or combinations 
of magnets, S 3 nn metrically arranged, adjustable for zero, and 
adjustable m respect to power. The method for adjustment to any 
desired sensibility, for the potential galvanometer, through a wider 
range than can be conveniently given by the magnetic controller, 
is by the use of adjustable resistances placed in series with the 
coils of the galvanometer. A very convenient and ready appliance 
of this kind constituted part of a complete instrument shown to 
the Society and designated by the author a long-range potential 
galvanometer. After many years of trials and anxious thought, 
the author had come to prefer, for practical purposes, the use of a 
standard Darnell cell to any other means hitherto realised for 
standardising a potential galvanometer, Accordingly he has made, 
to be used in connection with the new galvanometer, a convenient 
form of a standard Daniell cell, 

A specimen of the cell was shown to the Society, It consists 
of a shallow rectangular tray of sheet copper, which may be about 
16 centimetres square, having vertical sides about 6 centimetres 
high. The vertical sides are, for electrical reasons, enamelled or 
painted, to prevent contact between them and the liquid of the 
cell Within this tray is placed a zinc plate about 3 mm, thick, 
and 14 centimetres square, supported firmly in notches of four 
wooden blocks resting securely in the four corners of the tray* 
In the centre of the zme plate is a hole about one centimetre 
diameter, through which the stem of a filler, long enough to reach 
the bottom of the tray, passes, and which is used to pour into the 
bottom of the tray a measured quantity of a saturated solution of 
sulphate of copper. The tube of the filler is very fine, and the 
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capacity of the wide part is sufficient to hold the whole amount of 
copper solution, which is poured quickly into the filler, and flows 
slowly out of it in the course of about a minute^ so as to spread 
slowly over the bottom of the cell The wide part of the filler is 
flat, so as to let it rest stably on the top of the zinc plate To 
set up in action this cell, a solution of sulphate of zinc of 1*02 
specific gravity is poured into the tray so as to fill it as high up 
as the zmc plate, and by means of the filler a concentrated solution 
of sulphate of copper, sufficient in quantity to make a layer of 
about half a centimetre deep, is poured m along the bottom of 
the tray 

The instrument, without any resistance added to its coil, is of 
good sensibility for a single cell In this condition its coefficient 
IS determined Then a very simple calculation, or a table of 
numbers, tells the proper quantity of resistance to be ^dded in 
order to give exactly the right sensibility with single divisions or 
round numbers of divisions, corresponding to single volts or round 
numbers of volts, according to convenience, in the special appli- 
cation foi which the instrument is wanted The user can always, 
with great ease, and with very httle expenditure of time, 
standardise his own instrument in this manner by aid of a standard 
cell and standard solutions which are supplied along with the 
instrument. 

The pointer by which the deflections are indicated consists of 
a light tube of aluminium with one end shaped to a fine edge, 
by which the deflection is read on a circular scale, divided and 
numbered, as in the author’s graded galvanometers, according to 
tangents of angles of deflection As in those previous instruments, 
the scale is of paper pasted on a horizontal mirror, by aid of which 
error from parallax is avoided with great ease in taking the 
readings. To the other end of this pointer is attached about a 
centimetre of fine platinum wire, turned downwards so as to dip 
about a quarter of a centimetre below the surface of a large flat 
dish of heavy paraffin oil, with which a libtle olive oil may be 
mixed when more of viscous resistance than is given by the 
paraffin is desired. The author has found that by this means a 
most satisfactory dead-beat effect is obtained, without any sensible 
error m respect to the position of equilibrium, whether for zero or 
for the deflection produced by a current. properly shaped 
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metallic pipette bottle, by which, when the galvanometer is to be 
moved at any time, the oil may be drawn off* from the oil- vessel 
with great ease, earned away without risk of losing any of it, and 
replaced m the vessel in the galvanometer, is supplied with the 
instiuraent To make the galvanometer itself portable, the frame- 
work carrying the steel needles and pointer, which is hung by a 
silk fibre when the instrument is in use, is let down by aid of a 
screw so os to hang upon a brass pm, passing through a ring 
which forms part of the framework In this condition the instru- 
ment maybe turned upside down or carried about m the roughest 
way, without the possibility of breaking the silk fibre To set 
the instrument in action all that is necessary is to place it in 
position and level it, and by the screw pull up the upper end of 
the fibre to its proper position. 

A current galvanometer, with portable silk fibre suspension, 
oil-vessel to give the dead-beat quality, jiatatic needles acted on 
by two circular coils in the main circuit surrounding the two 
needles respectively, and two magnetic systems of controlling 
magnets acting symmetrically on the two needles, was shown to 
the Society. This instrument is in all respects exceedingly con- 
venient for the practical measurement of currents, except for the 
comparative difficulty of standardising from time to time, necessary 
on account of the inconstancy of the steel magnets. This may be 
done electrolytically, with sufficient accuracy for most practical 
purposes, by weighing the deposit of copper from a solution of 
sulphate of copper, m the manner described at the end of Chap, vii. 
of Mr Andrew Gray's book, Ahsolide Measurements in Electricitij 
and Magnetism (Macmillan, 1884). The process is, however, 
somewhat troublesome, and takes a good deal of time. The 
standardismg may be done with much greater ease by comparison 
with a standard current meter on the principle of Weber's electro- 
dynamometer. A very valuable and convenient instrument of 
this class, Siemens’ well-known electro-dynamometer, with its 
novel and ingenious method for measuring torque by means of a 
spiral spring acting on the moveable coil of arc, which is suspended 
by a silk thread passing down along the axis of the spring from 
a fixed point above, and has its two ends dipping in cups of 
mercury below in the same vertical with the bearing thread, was 
shown to the Society, 

Among the instrumeents shown to the Society was also a 
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Siemens Watt-meter, which is the same as his electro-dynamometer 
except that the fixed coil, instead of being of a small number of 
turns of thick copper wire in the main circuit, is of a very large 
number of turns of very fine German silver wire, connected by its 
two ends to two points of the mam circuit, between which the 
measurement in Watts, of the electncal activity of the current, 
is to be made The moveable coil is, by means of its cups of 
mercury, jomed in senes with the mam circuit The instrument 
IS an exceedingly convenient and valuable leahsation of an idea 
which has no doubt occuned to many electricians*, but which, 
so far as the author knew, was fiist published by Prof John 
Perry m the Journal of the Society of Arts for April 15, 1881, 
as embodied in an instrument designed by Prof, Ayrton and 
himself. 

The author remarked upon the great want which existed of a 
name for the unit of conductivity He repeated a suggestion 
which he had made in his lecture on '^Electrical Units of 
Measurement,” delivered before the Institute of Civil Engineers 
in London, on 3rd May^ 1883, that the name “mho” might be 
adopted for the unit of conductivity corresponding to the resistance 
of one ohm. He showed to the Society a new instrument which 
he had designed, and which he termed a mho-meter. It illustrated 
the great advantages m usmg the conductivity method in many 
electric measurements. 

Tins instrument is simply an astatic-needle current galvano- 
meter, with the steel controlling- magnets replaced by coils of very 
fine German silver or copper wire, placed perpendicularly to the 
galvanometei coils proper The two ends of the controlling coils 
are put in metalhc connection with two points of a conductor, 
between which the conductivity is to be determined, the conductivity 
to be measured being exceedingly great m comparison with that 
of the controlling coils. The galvanometer coils proper are 
connected, so that the whole current through them passes through 
the conductor whose conductivity is to be measured, except the 
small part of it which goes through the controlling coils* With 
these connections it is clear that the conductivity to be tested is 

♦ Prof. Perry, Journal of the Society of Arts for 16th April 1881 ; Sir William 
Thomson and Profs. Ayrton and Perry, British Association Meport, York, 1881, and 
Journal of Society of TeUgtayh Mngineeis and Electricians ^ Tol. xi. May 1882. 
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equal to an absolute constant multiplied into the conductivity of 
the controlling coils and mto the tangent of the angle of deflection. 
One mam object of the instrument is to give a ready measurement 
of the conductivity of dynamo armatures and electric light mains, 
or of specimens of copper submitted for tests of their specific 
conductivity For this application the controlling coils are made 
of copper, so that no temperature correction may be required 
(piovided the temperature of the galvanometer is approximately 
enough the same as that of the conductor tested), and the 
instrument thus made may be called a copper conductivity 
inetei.” 

When the object is to measure electric light currents, the 
controlling coils are made of German silver -wire, and are fixed m 
senes with an adjustable resistance, also of fine German silver 
wire, so wound in a convenient position m the base of the instru- 
ment as to exert no electro-magnetic force on the needles. In 
this instrument the conductivity of the controlling coils, and of the 
resistance wire in series with them, vanes so little with the practical 
variations of temperature that the conductivity to be measured is, 
for most practical purposes, given with amply sufficient accuracy 
by the tangent of the deflection multiplied by an absolutely 
constant coefficient. The added resistance may be adjusted to 
make this coefficient such that one division corresponds to a mho, 
or a decamho, or a hectamho, or to any other value, within a wide 
range, which may be found convenient. It may, for example, be 
adjusted to give deflections at the rate of one division per lamp, 
and for this application the instrument may conveniently be called 
a 'damp meter.” 

The author has such an insbrument nowin use on the lighting 
system of his house, in which varying numbers of from 1 to 40 
Swan lamps, some of the old type, 42 volts, and some of the new 
type, but of only 84 volts (mstead of the 110, which of course 
would be preferable if it were not for the old lamps, which he has 
had in use for two years, and which he wishes to keep in use for 
as many years longer as they will last). It is beautiful to see the 
pointer moving up two divisions when a pair of the old lamps in 
series, and by one division when one lamp of the new type is 
lighted, and falling similarly when any number of the lamps are 
extinguished , and it is very useful to be able, merely by looking 
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at the mstrument, to tell how many lamps are lighted at any time. 
The inequality of the lamps gives scarcely an uncertainty of one 
lamp in the whole number when 30 or 40 are incandesced. 

The potential galvanometer, which is also always kept on the 
mains, shows considerable inequahties (checked always, in the 
course of a few seconds, by the author's potential regulator, with 
its pair of mutually-geared horizontal cog-wheels dipping on one 
side or the other, according as the potential is too high or too 
low, into a hollow centnfugal cylinder of oil rotating rapidly round 
them), but the pointer of the lamp meter remains absolutely un- 
moved (or rather, with absolutely no perceptible motion) throughout 
these inequalities. 
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210. On Constant Geavitational Insteuments for 
Measuring Eleoteio Currents and Potentials. 


[From British Association Jisfort ^ 1886, pp 906, 906, Naiitre ^ 
Vol. XXXII Oct. 1, 1886, p 636 ] 


These instruments, the author stated, were parts of two series 
of electric measuring instruments, for current and potential, which 
he was now working out, In the two current instruments — the 
milliamperemeter and the hecto-amperemeter — the mode of 
effectmg the measurement was founded on Faraday’s law, accordmg 
to which a ferro-magnetic mass placed in a variable magnetic field 
experiences forces tendmg to make it move from places of weaker 
to places of stronger force The essential parts of the milli- 
amperemeter are shown in the sketch diagram, fig 1 It consists 
of an electro-magnetic coil, fixed with its axis vertical, and a little 
cylmdrical mass of soft iron hung from one end of a light balanced 
lever so as to be fi^ee to move up and down in a circular arc, 
deviating but little in its middle and at its two ends from the 
axis of the coil. 






mg. 1. 



The meaauroraent is given bj the defections indicated on a 
scale by the etod ef the balanced lever, when a weight of known 
, ampunt is hong on the nng below the iron mass. To screen the 
K, V. , 29 
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iron from the effects of the earth's magnetism the coil is enclosed 
in an iron box 

In the hecto-amperemeter the variable magnetic field is 
obtained by a suitable disposition of the metallic conductor 
nonveyiag the current to be measured. The conductor may be 
"taken as consisting of two thick copper plates, shaped each ac- 
cording to the sketch, fig. 2, supported in a vertical position 
parallel to each other, say one centimetre apart, and metalhcally 
connected at the place mdicated by B. At A is fixed a suitable 
electrode. The course of the current is therefore from A to 5, 
and from B across to and through the other plate to the part of 
it corresponding to A, which forms the other electrode. In this 
way, two similarly varying magnetic fields are produced, and the 
balanced lever, capable of motion m a plane situated midway be- 
tween the plates, carries two masses of iron, one in each field In 
other respects, the instrument is similar to the milliamperemeter. 

The electrometer consists of an air condenser with one of its 
plates capable of a to-and-£ro motion so as to vary the capacity 
of the condenser. 

The fixed brass plates are supported so as to be accurately 
parallel to each other and in metalhc connection, while they are 
thoroughly insulated from the case of the instrument. The 
movable plate is of aluminium, and is supported m a vertical 
position on a kmfe edge ; the plane of its motion being parallel 
to the fixed plates and situated midway between them. The 
upper end of this movable plate has a fine prolongation which 
serves as a pointer for indicatmg the deflections on the scale of 
the instrument, and at its lower end is fixed a knife edge having 
its length perpendicular to the plane in which the plate moves. 

When the fixed and movable plates are connected respectively 
to two points of an electric circuit between which there exists a 
difference of potential, the movable plate tends to move so as to 
augment the electrostatic capacity of the instrument, and the 
magnitude of the force concerned in any measurement is pro- 
portional to the square of the difference of potential by which it 
IS produced. In the use of the instrument this force of attraction 
is balanced by the horizontal component of a weight of any 
convenient amount hung on the knife edge at the bottom of the 
movable plate. 
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211. On a Method of Multiplyino Potential from a 
Hundred to several Thousand Yolts. 

[From Bntuh Amoiatwn Report^ 1886, p. 90*7 ] 

The method described by the author was to arrange in series 
a number of condensers, wheie n is the number inicating the 
required multiplication. A terminal is connected to the junction 
between each pair of adjacent condensers This series of ?^^-l 
terminals is conveniently placed so that by a suitable mechanism 
a pair of movable electrodes, between which a known difference 
of potentials exists, may be brought successively and repeatedly, 
at short intervals of time, into contact with each pair of adjacent 
terminals in the series, moving always in the same direction 
along them. In this way the difference of potentials established 
between the two end terminals of the senes of condensers is n 
times the known difference of potentials between the movable 
electrodes. 


212. Discussion on Electrolysis” at the British 
Association. 

[Fi’om JSfatitre^ Vol. xxxin. Nov 6, 1886, p. 20, Abstract j 
Bniiih Amdaiion 1886, pp 723 — 772 ] 

Sib W. Thomson referred, in his remarks on Prof. Lodgers 
paper, to a matter of importance in electro-plating — viz the 
selection which takes place in the electrolysis of solutions con- 
taining several salts, as, for instance, in the electrolysis of copper 
sulphate containing ferrous sulphate, which, when decomposed 
by a strong current gives a deposit containing impurities, whereas 
a slower decomposition yiel^ a very pure deposit. Sir W. 
Thomson spoke also of the necessity for the careful investigation 
of those cases in which the formation of deposits between the 
electrodes had been observed, and it would be important to know 
whether deposits could be formed in the line of conduction 
without a nucleus at all. Such matters^ are of importance to 
physiology, indicating a possible danger in the passing of long 
continued currents through the human body. 

29~-2 
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213. On a Double Chain of Eleotbioal Measuring Instru- 
ments TO Measure Currents from the Millionth of a 
Milliampere to a Thousand Amperes, and to Measure 
Potentials up to Forty Thousand Volts. 


[From aimg, Phil Soc, Proo Yol xvni [April 20, 1887], pp 249—256 , 

La Lumi^e Meotriqxi^^Yol xxrv June 4, 1887, pp 476 — 479.] 

A FUNDAMENTAL requisite of a measuring instrument is that 
its application to make a measurement shall not alter the 
magmtude of the thing measured.. When this condition is not 
fulfilled (as is essentially the case with an electric measuring 
instrument not kept permanently in or on the electiic circuit or 
system to which it is applied), it is the magnitude os influenced 
or modified by the measuring instrument which is actually 
measured, and the measurement is to be interpreted on this 
understandmg whatever may be the circumstances. Suppose, 
for example, the thmg to be measured is the diameter of a fine 
wire, or of the carbon filament for an Edison-Swan lamp, or of a 
hair, or of a silk fibre If the measurement is made by a micro- 
scope, with the proper optical apparatus for measurement, the 
thing measured is absolutely unaltered by the measuring appliance. 
But if the measurement is made by an ordinary scrow gauge, or 
by any other mechanical fitting appliance however gentle, it is 
impossible to avoid some diminution of the diameter to be 
measured by the pressure of the measuring appliance, which 
introduces some slight uncertainty even in the measurement of 
steel or copper wire, and very considerable uncertainty when a 
filament of softer matenal is to be measured. 

The nearest approach m electric measuring instruments to the 
fulfilment of this condition, of not altering the magnitude of the 
thing measured, is attained by the electrometer when applied to 
^ measure differences of potential between different points of a wire, 
I I ^ ^ 'mass of Jjny shape, ^in ^leotricity is ]rept flowing 
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by a battery or dynamo or other electro-motive apparatus The 
insulation of any practical electrometer is so nearly perfect that 
the conduction of electricity through the instrument does not 
sensibly diminish the difference of potentials of the points touched 
by the electrodes. In this respect, therefore, the electrometer 
would be ideally perfect* but, alas, it is only for potentials of 
more than 400 or 500 volts that the electrometer in any shape 
has been made a convenient and fairly-accurate standard measuring 
instrument for ordinary practical use. For less than 400 volts 
the practical solution in connection with electric lighting is afforded 
by a cuiTent-measuring instrument with a known resistance in 
its circuit, though for many differential measurements, and 
particularly for measurements of the insulation of submarine 
cables, and determinations of the insulating quality of insulators 
for many practical purposes the quadrant electrometer is found 
useful as a differential measuring instrument. 

The quadrant electrometer in its most sensitive adjustment 
indicixtes about ^ with modified adjustments 

(heterostatic and idiostatic) can be used for measuring up to 
300 or 400 volts It is described in detail in the '"Report on 
Electrometers and Electrostatic Measurements ” published in the 
British Association volume for 1867 (Report of the Committee 
on Electrical Standards), and roprmted as Article XX. of my 
Collected 'papers on Electrostatics and Magnetism, so I need 
say nothing more of it at present. The Electrostatic Voltmeter 
exhibited and shown in action this evening, and represented m 
the annexed drawing is an idiostatic standard instrument for 
measurement of from 400 volts to 10,000 volts 

It consists of an air condenser with one of its plates capable of 
a to-and-fro motion so as to vary the capacity of the condenser. 
The fixed biuss plates are supported so as to be accurately 
parallel to each other and in metallic connection, while they are 
thoroughly insulated from the case of the instrument. The 
movable plate is of aluminium, and xs supported in a vertical 
position on a knife edge ; the plane of its motion being parallel to 
the fixed plates and situated midway between them. The upper 
end of this movable plate has a fine prolongation which serves 
as a pointer for indicating the deflections on the scale of the 
instrument, and at its lower end is fixed a knife ^dge having its 
length perpendicular to the plane in which the plate moves. 
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There are two pairs of terminals, one pair for the fixed plates 
and the other pair for the movable plate, and each termmal is 
insulated from the case of the mstrument Of the pair on the 
left-hand side of the case, the terminal towards the back of the 
instrument is in metallic connection with the fixed brass plates, 
while that towards the front (which may be called the workmg 
terminal) is simply an insulated brass pin. A glass U-tube is 
suspended between these two terminals, and contains a safety-arc 
of finest copper wire connecting them. The terminal toward 



the back of the instrument on the right-hand side is in metallic 
connection, through the V-groove support, with the movable plate; 
in other respects the pair of terminals on the right are similar to 
the pair on the left 

In order to save time in taking readings an arrangement is 
provided for checkmg the oscillations of the movable plate, and 
stops are placed to limit its range and prevent damage to the 
pointer, 

When the fixed and movable plates are connected respectively 
to two points of an electric drcliit, between which there exists a 
difference of potential, the movable plate tends to nhove so as to 
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augment the electrostatic capacity of the instrument, and the 
magnitude of the force concerned in any case is proportional to 
the square of the difference of potential by which it is produced. 
In the use of the instrument this force of attraction is balanced 
by the horizontal component of a weight of any convenient amount 
hung on the knife edge at the bottom of the movable plate. 

The scale is graduated from 0 to 60, and the divisions repre- 
sent equal differences of potential — the actual magnitude of the 
difference per division being dependent upon the weight in use at 
the time. A set of three weights is sent with each instrument, 
of respectively 32*6, 97*6, and 390 milhgrammes, providmg for 
three grades of measurement in the proportion of 1 • 2 4. Thus 
the instrument shows one division per 60 volts with the link (the 
lightest weight) alone on, one division per 100 volts with the 
medium weight hangmg on the link, and one division per 200 
volts with all three weights on 

At from 8,000 to 10,000 volts there is some liability of a spark 
passing between the movable plate and one or other of the four 
fixed quadrant plates between which it moves, hence the 
highest potential for which the mstrument can be used is about 
10,000 volts. For higher potentials my long-range electrometer 
[Collected papers on Electrostatics and Magnetism, §§ 383, 384] 
is, so far as I know, the only standard electrometer which has 
hitherto been practically used. But with the experience which 
I have had of gravity mstruments for electric balances m general, 
and particularly of the electrostatic voltmeter, I am now convinced 
that an electnc balance for weighmg the direct attractive force 
between a fixed plate and a movable disc will be the best form of 
standard electrometer for all potentials exceeding 8,000 or 10,000 
volts. I hope before the close of next session to be able to show 
to the Philosophical Society a convement mstrument of this kind, 
adapted to measure from 10,000 to 40,000 volts and possibly even 
to 70,000 or 80,000 volts , although I cannot anticipate for 
measurement of such high electnc potentials any great practical 
demand, as far as the future of electric technology can be con- 
jectured at present. 

The electrometer is available with equal convemence for the 
measurement of electric potentials in circuits of direct current or 
of alternate current. In the latter application the result is quite 
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dofinitsly the scjuare root of the tune average value of the square 
of the difference of poteDtials between the points touched by its 
electrodes. A good deal is now being done for electric lighting 
and the electric transmission of power by means of circuits at high 
potentials of from 700 to 2,000 and 3,000 volts, and for such 
purposes the electrostatic voltmeter, described and illustrated 
above, is convemently available The method of finding potentials 
by measurement of cuirent through a known resistance is also 
available even for these very high potentials, but the electrometer 
IS preferable because of the cumbrousness and expensiveness of the 
resistance coils required by the current- measuring method when 
the potential is more than 600 or 700 volts. 

For potentials of from 500 volts downwards the method of 
measuring current through resistance is thoroughly convenient and 
practical Thus we are led to the consideration of the currcnt- 
measurmg branch of our “ Two-branch chain of measuring 
instruments 

Beginnmg with the feeblest currents, I may refer to the astatic 
mirror galvanometer of the form mtroduced by me about twenty- 
eight years ago, and now much used for laboratory and telegraph 
testmg This instrument is capable of being adjusted to measure 
currents as low as the fifty millionth of a milliampere with a coil 
of from 5,000 to 10,000 ohms It has, besides, the great advantage 
that its sensibility can be easily vaned through a wide range. Thus 
an instrument, which, when in its most sensitive state, will measure 
the fifty millionth of a milliampere can be easily arranged to 
measure the thousandth of a milliampere. Professor S. P. Langley 
of the Allegheny Observatory, U.S , recently used in his radiation 
experiments one of these instruments which he had specially made, 
and which included several important improvements of his own, 
such as the use of a very long suspending fibre and a very perfect 
mirror. He finds an instrument of 20 ohms resistance capable of 
bemg used with perfect accuracy for the measurement of the two 
millionth of a miUiampere. In ordinary telegraph-testing these 
galvanometers are commonly adjusted to measure currents down 
to about the millionth of a milliampere, and for special tests, as, 
for instance, the measurement of the insulation of short lengths 
of core for suhmarme cable, sensibilities as high as those specified 
above are often used. 
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The current-measuring instrument, commonly called by the 
name of galvanometer, whether it be the sine galvanometer, the 
tangent galvanometer, or any of the different varieties of mirror 
galvanometers in use, is essentially magneto-static. That is to say, 
it IS an mstrument in which a controlling magnet is used to balance 
the electro-magnetic force produced on a magnetised steel needle 
by a conductor or coil through which flows the current to be 
measured. In the sine galvanometer and tangent galvanometer, 
as originally used, and as still largely used for many important 
electrical measurements, the controllmg magnet is the earth , but 
it IS only in a locality far from dynamos and from wires carrymg 
continuous* currents for electric lighting, that the terrestrial 
magnetic field suffices for a sine or a tangent galvanometer when 
any approach to accuracy is required, and thus in telegraph 
offices, workshops, and engine-rooms it is generally desirable, if 
not absolutely necessary, to use a much stronger magnetic field 
than that of the earth for controllmg the needle of a galvanometer 
But whether the controlling magnet be the earth or a steel magnet 
its force is essentially inconstant; and, theiefore, a magneto-static 
galvanometer of any kind requires some means for determining 
from time to time the coefficient by which the absolute value of 
the current measured can be calculated from its indications, or a 
means of freshly adjusting the field to give any convement absolute 
value to the readings on the scale of the instrument 

Sixteen or seventeen years ago I introduced a form of tangent 
galvanometer which came to be called the ''paddle wheel galva- 
nometer'’ from the appearance of the two coils being somewhat 
like the paddles of a paddle steamer. In this instrument two 
coils, adjustable to any desired equal distance on the two sides of 
the centre, act on a small needle or group of small needles hung 
by a single silk fibre, and carry a pointer of about 8 centimetres 
length, which shows deflections on a scale of unequal divisions 
proportional to the tangents of the deflections. Ordmarily the 
Tieedle is acted upon by the terrestrial magnetic force alone, but 
sometimes in laboratory experiments a controllmg magnet is placed 
either to augment or to diminish the controlling force on the 
needle, This irtstruinent, though capable of considerable accuracy 

* The ueighboti^hoO^ of a condnot^a: carrying an alternate enrrent for eleotno 
lightfeog, however strcaig, ifiiot dtptprh the terrestrial magnetic field for a sine 

g^Vf^drheftei: bv fengfeiyt galvafidme^er m It^ ieighhotnliood. 


* i . ? 
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for absolute measurement in a locality free from local magnetic 
disturbance, was replaced by my graded galvanometers*, which 
have been found much more convenient for general purposes and 
have been somewhat largely used since they were brought out five 
years ago, I have never, however, been quite satisfied with them, 
and I have been incessantly occupied in the attempt to produce 
an adjustable magneto-static tangent galvanometer which shall be 
both more convenient for ordmary use, and more susceptible of 
high accuracy for scientific investigation than the graded galva- 
nometers. I am not able this evening to show more than a half- 
finished attempt to realize this object, but I feel that I am now 
nearly touching it, and I hope at the commencement of next 
session to be able to place before you a working instrument of the 
magneto-static class, which shall be thoroughly convement for 
showing the number of lamps a-light at any time in an ordinary 
dwellmg-house hghted by Edison-Swan lamps with direct current, 
and which shall also be available as a scientific measuring instru- 
ment to measure currents of fi:om one to sixty amperes with a 
proportionate accuracy of one quarter per cent, m the best part of 
its scale 

I have also made great efforts during the last six years to 
produce satisfactory constant-standard instruments for measuring 
electnc currents, and I have fi:om time to time placed before you 
results in which the object was to some degree realized, but, as 
I have always told you, not satisfactorily. This time last year 
I placed before you and explained instruments depending on 
Faraday's discovery of the tendency of a globe, or cube, or short 
bar of soft iron, to move from places of weaker to places of stronger 
force in a magnetic field f. Two of those instruments which you 
saw, and which were then nearly completed, are indicating the 
potential of the current by which we are lighted this evening* 
You see when I increase the potential between the terminals of 
the instrument (by taking out lamps in multiple-arc between the 
electnc hght mams), how the indicator shows — now an augmenta- 
tion of 2^ per cent, which makes the lights considerably bnghter; 
now agam a diminution of 1 per cent, ; and again the previous 
potential, and the lights as they were. Since you first saw them 
these two instruments have been incessantly at work on the 

Patent No, 5,668, of 1881, 26th Decenaher, 
t Patent No 11,106 [Provisional ^oiflpaitinnj, 9th 1884, 
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electric light wires in my house and laboratory, and have done 
good work all this time. I may say in passing they have allowed 
me to use much higher incandescence without risk to the lamps 
than would have been practicable without a trustworthy potential 
mdicator, and personal, if not automatic, attention to regulate the 
potential according to its indications. 

Though, however, they have so far been practically useful to 
myself, I am not satisfied with the instruments, because they 
involve the use of soft iron ; the retentiveness of which is always 
a serious trouble that I have only been able to keep within 
bounds, not completely to eliminate, by the use of the current 
reversor which you see in connection with one of the instruments 
before you I have, therefore, returned to the original discovery 
by Ampere of the mutual force between movable and fixed 
portions of an electnc circuit, first utilized by Weber in his 
Electro-dynamometer,” to obtain a constant-standard instrument 
for measuring electric currents without any of the trouble and 
residual inaccuracy entailed by the use of soft iron. After many 
trials, I have succeeded in improving an electro-dynamic balance 
towards which I made a great many trials five years ago; and 
within the last three months I have succeeded in my laboratory 
in making accurate measurements of currents of from 20 milli- 
amperes to 200 amperes, by means of four instruments, on the 
general plan of the rudimentary centi-ampere balance before you, 
in which a single movable coil is repelled and attracted upwards 
by two fixed coils, one below it and the other above it, and the 
total of the electro-magnetic force is balanced by a weight hung 
on a knife edge attached to the balance*. At the commencement 
of next session I hope to show you some of these instruments 
in a state fit for practical work. In the meantime, I can only 
thank you for the patience with which you have listened to me 
this evening, and for the kindness with which now, as on previous 
occasions, you have allowed me to bring half-done work before 
you, and to tell you of what I hoped to do, but had not yet done, 
in the way of producing practically useful instruments, 

* R^ktent No. 2,028 [Provifllonal Speoifioafion], 2lBt April 1888. 
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214 New Electeio Balances 


[Prom British Associatwii Report, 1887, pp, 582, 583, Electncian, Vol xx 
Dec 16, 1887, pp 130, 131, Nature, Yol xxxvT Sept 29, 1887, p 522] 

These balances aie founded on the mutual forces, discovered 
by Ampfere, between the fixed and movable portions of an electric 
circuit The mutually-influencing portions are usually circular 
rings Circular coils or rings are fixed, with their planes hori- 
zontal, to the ends of the beam of a balance, and are each acted 
on by two horizontal fixed rings placed one above and the other 
below the movable rmg Six grades of instrument; are made, 
named centi-ampere, deci-ampere, ampere, deca-ampere, hecto- 
ampere, and kilo-ampere balance The range of each balance 
IS about 25 Thus, the centi-ampere balance will measure 
currents of from 2 to 50 centi-amperes, while the kilo-ampere 
balance will measure currents of from 100 to 2500 amperes. 
Since the indications of the instrument depend on the mutual 
forces between two parts of an electric circuit of permanent form 
and relative position, they are not subject to the changes with 
time which are so troublesome in instruments the constants of 
which depend on the strength of permanent magnets 

The most important novelty in these balances is the con- 
nexion between the movable and the fixed parts of the circuit. 
The beam of the balance is suspended by two flat ligaments 
made up of fine copper wires placed side by side These liga- 
ments serve mstead of knife-edges for the balance, and at the 
same time allow the current to pass into and out from the 
movable coils. The number of wires in each ligament varies 
from 20 m the centi-ampere to 900 m the kilo-ampere balance. 
The diameter of the wire is about ^ of a millimetre, and each 
centimetre breadth of the ligament (Contains about 100 wires, 



NEW ELECTRIC BALANCES 


461 


1887] 

The electric forces produced by the current are balanced by 
means of weights which can be moved along a graduated scale 
by means of a self-relievmg pendant. Two scales are provided — 
one a scale of equal divisions, the other a scale the numbers on 
which aie double the square roots of the numbers on the scale of 
equal divisions The square-root scale allows the current to be 
read off directly to a sufficient degreS of accuracy for most pur- 
poses. When high accuracy is required, the fine scale of equal 
divisions may be used, and the exact value of the current 
obtained from a table of doubled square roots supplied with the 
instrument. 

An engine-room voltmeter on a similar plan was described. 
It consists of a coil fixed to the end of a balance aim (suspended 
as above described) and acted on by one fixed coil placed below 
it The distance apart of the two coils is indicated by means 
of a magnifying lever, and servos to indicate the difference of 
potential between the loads to which tho instrument is con- 
nected. The coils of the instrument are of copper wire, and an 
external platinoid resistance of considerably gi eater amount is 
joined in circuit with it. The electrical forces are balanced by 
means of a weight placed in a trough fixed to the front of the 
movable coil and weights suited to the temperatures 16°, 20°, 
26*^, 30° 0., as indicated by a thermometer with its bulb in tho 
centre of the coil, are provided* 

Two other instruments were described — namely, a marine 
voltmeter suitable for measuring the potential of an electnc 
circuit on board ship at sea, and a magneto-static current-meter 
suitable for a lamp-counter. 

In the marine voltmeter an oblate spheroid of soft iron is 
suspended in the centre of, and with its equatorial plane inclined 
at about 40° to, the axis of a small coil of fine wire, by means 
of a stretched platinoid wire. When a current is passed through 
the coil, the oblate of soft iron tends to set its equatorial plan© 
parallel to the axis of the coil, and this tendency is resisted by 
the rigidity of the suspension wire. 

The lamp-ceunter is a tangent galvanometer with special 
provimon for prev^ting damage to its silk fibre suspension, and 
for ailoiHi:fcg to be reg^dily varied ,by the user to suit 

the lamp ^ 
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216. On the Application of the Cbnti-ampere oe the 
Deoi-ampere Balance for the Measurement of the 
E M.F. OF A Single Cell. 

[From British Amaiation Report^ 1887, pp 610, 611; Electrician^ Yol xx. 

1888, pp 130, 131, 272, Nature, Yol xxxvi Sept 29, 1887, p 622, with 

additions, PhU Mag YoL xxiv Dec 1887, pp. 614 — 516 and Yol xxv 

Feb 1888, p 164 ] 

The method described in this paper for the determination, 
in absolute measure, of the electromotive forces of voltaic cells, 
consists m the use of one of my standard ampere-balances instead 
of the tangent-galvanometer m the method given in the following 
statement, which I quote from Kohlrausch’s Physical Measure- 
ments, pp. 223, 224, 230 . — '' The only method applicable to in- 
constant elements, of which the electromotive force varies with 
the current-strength, is to brmg the current to zero by opposing 
an equal electromotive force. Poggendorff's method, which is 
very convement, as it involves no measurement of internal resist- 
ance, requires the use of a galvanoscope, Q, a galvanometer, T, 
and a rheostat, iJ, and, in addition, that of an auxiliary battery, 
/S, of constant electromotive force, greater than either of those 
which are to be compared. The arrangement of the experiment 
IS shown in the figure. In the left divi- 
sion of the circuit are the galvanoscope 
Q, and the electromotive force to be 
measured , m the right, the auxiliary 
battery 8 and the galvanometer T, E 
and 8 are so placed that their similar 
poles are turned towards each other. In 
the middle part of the circuit, which is common to both batteries, 
is the rheostat iJ. 

‘‘As much rheostat resistance W must now be mtercalcated 
as will cause the current in EQ to vanish, and the current- 
strength J m T must then be observed. ..If J = current-strength 
m T, the electromotive force of the battery J? is TF/.*' 

The deci-ampere balance, or, when a sufficient number of 
battery-cells is available, the centi-ampere balance, answers weU 
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for the current measurements here required. An an-angement 
of the circuit which is convenient for most purposes is shown in 
the diagram (fig. 2) ; but it may bo remarked that tho revorsing- 
keys there shown may be replaced by ordinary make-break keys. 
Referring to the diagi-am, a battery of a sufficient number of colls 
is joined in circuit through a revoi-sing-key with a rheostat, a 
deoi-ampero balance, and a standard resistance. Tho poles of the 
cell to be tested are connected in circuit ivith a key and a 
sensitive inirror-galvanoinoter to the two ends of the standard 


STANDARD RESISTANCE 
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resistance in such a way that both the battery and the cell to bo 
tested tend to send a current in tho same direction through that 
resistance. Oare should bo taken that the circuit of the cell to 
be tested is well insulated, and that both it and the standard 
resistance are free from other electromotive force. When, as in 
the case of Olark-standard cells, the cell is incapable of main- 
taining a current, a high-resistance galvanometer or an additional 
resistance should be included in its circuit. If very great 
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sensibility is not required, a quadrant-electrometer may in such 
cases be substituted for the galvanometer The standard resistance 
must be of such a form that no sensible error is mtroduced 
through heating by the passage of the current A good plan 
IS to wind well-insulated platinoid wire in one layer on the 
outside of a brass or copper cylindrical vessel which can be filled 
with water. The temperature of the water, when it is nearly 
the same as that of the air outside, will be very approximately 
the temperature of the coil. For still greater accuracy the 
cylmder may be fitted with a jacket and immersed m a vessel 
of water, and apphances introduced foi changing the water m 
each part and keeping account of its temperature For use with 
the deci-ampere balance, a platmoid resistance of two ohms is 
sufficient for any single cell A resistance of two ohms, made of 
insulated platinoid wire one milh metre in diameter, and wound 
on a brass tube capable of holding half a litre of water and 
simply exposed to the air outside, will carry a current of one 
ampere for an hour without changing its resistance more than a 
tenth per cent. The water should be stirred when the readings 
are taken, and, if necessary, the change of resistance can be 
approximately allowed for by takmg its temperature To measure 
by means of the deci-ampere balance an electromotive force of 
from one to two volts, a battery of two small secondary cells or 
four Darnell cells, a resistance of two ohms such as has just been 
described, with the other appliances as indicated m the figure, 
are all that is necessary 

The method has been applied in my laboratory by Mr 
Thomas Gray for the measurement of the electromotive forces 
of standard and other cells, and has been found very convenient. 
The results obtained* for four Clark-standard cells set up by 
Mr J T Bottomley in March last were almost identical with one 
another, and gave 1 439 Rayleigh, or 1 442 legal, volts at 11° C. 
The variation of the electromotive force of these cells with 
temperature has not yet been determined, but assuming the 
average value obtamed for this vanation by Lord Rayleigh, 
namely a fall of 077 per cent, per degree centigrade rise of 
temperature, and correcting to 15° C., we obtam 1*4346 Rayleigh 
volts at that temperature This result is mterestmg as showing 
a difference of less than -^th per cent from that obtained by 
Lord Rayleigh for similar cells, which was 1 435 at 16° 0. 
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216. On a New Composite Electeio Balanoe 
[F rom Qla&g, PhU JSoo. Proc. VoL xix, [read Feb 4, 1888], pp 273, 274.] 

This instrument has been designed for the purpose of pro- 
viding, in one piece of apparatus, the means of measuring (1) the 
difference of potential between two points of an electric circuit, 
as, for instance, the difference of potential between the supply- 
conductors of an electric-light installation, (2) the current flowing 
in such a circuit; and (3) the rate of working in the circuit. 
The instrument thus forms a combined voltmeter, ampere-meter, 
and watt-meter. The general form of the instrument is shown 
in Fig. 1. In this figure, a and b are two coils of silk- 
covered copper wire fixed one above the other, with their planes 
horizontal, on a slab of slate, S. Two coils, o and d, of similar 
wire, are made up in the form of anchor rings, and fixed to the 
ends of a balance beam, J?, which is suspended by two flat hga- 
raents, e and /, of fine copper wires, one of which is shown at e, 
in such a position that one of the coils fixed to the ends of the 
beam is suspended mid-way between the coils, a and 6, with its 
phme parallel to the** planes of these coils, and with its centre m 
the line joining the centres of them. Other two coils, g and h, 
capable of carrying strong currents, are fixed to the sole-plate, 8, 
in positions which, relatively to d, are similar to those occupied 
by a and b relatively to c. When the instrument is to be used 
for the measurement of continuous currents, the coils g and h are 
made of several turns of thick copper ribbon, capable of carrying 
currents up to a maximum strength of five hundred amperes. 
When it is to be used for the measurement of alternating currents 
these coils are made of two or threo tijms of a stranded copper 
conductor, Each wiV^ of the stranded conductor is covered with 
silk, so as to iiKUlate it froth thO others, and, in order as far as 
possible to annul the eflFect of induction in causing the current 

X, V, ^ 
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to be different at different distances from the axis of the c(ni" 
ductor, the strand is given one turn of twist for each turn round 
the coil. 

The arrangement of the connections in the instruinont will 
be readily understood by reference to Fig. 2 . hirst, suppont* 
the instrument to be used for the measurement of potentials, that 
13 to say, as a voltmeter. It is connected to the circuit through a 
suitable resistance, i?, wound anti-mductivoly, through which tlu^ 
current passes to the terminal, T, from which the course of the 
current through the coils to Ti is indicatod by the arrows in the 
diagram, the switch handle, i?, being in this case turned to ‘*Volt.’’ 
For the measurement of amperes the switch is turned to “Watt,** 
a measured current is passed through the suspended coils of the 
balance, and the current to be measured is passed through tlu^ 
coils, g and h, by introducing the electrodes, E and E-^y into tlu^ 
circuit. The current through the suspended cods may Hoin(‘tinu‘H 
be measured by means of the instrument itself arrangcnl for tlu^ 
measurement of volts This may be done by first measuring t.he 
current which the difference of potential betwetui the supply- 
conductors of an electrical installation, or bctwcuni tht^, pol(*H (»f a 
battery, causes to flow through the coils of the instrunu'ut and 
its external resistance, and then turning the switch to “Watt./* 
and, at the same time, introducing a resiafcaucci into tlie (urcuit 
equal to the resistance of the fixed coils. When the bidaiunt is 
used as a watt-meter the switch is turned to “Watt/* and i\u\ 
terminals, T and are joined to tiio two sujiply-conducqnrs, 
while the current through the circuit is passi'd thiough the c^oils^ 
g and A. When tho rate of working in an alternate-current 
circuit IS measured by such a balance, tlu* anti-inductivc‘ 
resistance, iJ, must bo so great that tluire is no senHiblt^ <lifferenee 
of phase between the currents flowing through tlie fiiu‘ wire eoiln 
of the instrument and the electromotive force on tlu^ supply- 
conductors to which they are conne(ito(l 
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217. Eleoteometeio Deteemination of “ v." By Sir William 
Thomson, Prof W E. Ateton, and Prof. J. Peeet. 

[From Bnt Assoc, Report^ 1888, p 616 [title only], McctriciarL, VoL xxi 
1888, p. 681 j Lum l^lec Vol. xxx, Oct. 13, 1888, p 79 ] 

The standard measuring instruments used were an absolute 
electrometer and a centiampere balance, with a resistance coil 
for measurement of potential Their indications of potential in 
electrostatic measure and in electro-magnetic measure were com- 
pared by aid of two electrostatic voltmeters (A and B), which 
had been carefully compared in Glasgow, and which were used as 
intermediaries The absolute electrostatic value of the scale of 
one of the mtermedianes (A) was determined in London by 
Messrs Ayrton and Perry, using the absolute electrometer They 
consider that as neither of the two instruments is capable of very 
minute accuracy, their determination might be three-quarters per 
cent* wrong, but they believe that it may be quite trusted to be 
within one per cent, of the truth. The voltage of the other 
electrostatic voltmeter (JS) was determined from a potential of 
about 80 volts between the two ends of a resistance of 600 ohms, 
with a current of about 133 milliamperes through it, very 
accurately measured by a centiampere balance. The 80 volts 
multiplied 16 times by the method of condensers in series 
described by Sir Wilham Thomson to Section A at Aberdeen in 
1886 gave the voltage of the B electrostatic voltmeter. As this 
instrument is not capable of very minute accuracy, the deter- 
mination may have been wrong half per cent., but it may be 
trusted as probably not three-quarters per cent, wrong, 

The comparison of these measurements then gave the voltage 
corresponding to electric potential reckoned in electrostatic units. 
The final result is that the electrostatic o.g.S. unit of potential is 
equal to 292 volts — that is to say, 292 X 10® o.G.S. umts of electro- 
motive force in electro-magnetic measure, in other words, is 
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292 X 10® centimetres per second. This result may, we believe, 
be trusted to as within If per cent of the truth. It therefore 
seems that ''v'* cannot be greater than 297 x 10® nor less than 
287 X 10®. We present it merely as an approximate result* and 
look forward to measuring this very important physical constant 
within one-quarter per cent, by the purely electrometric method 
earned out by an absolute electrometer, and intermediary electro- 
static voltmeters, capable of greater accuracy than the mstruments 
which we have used hitherto 


[The modern value is of course 300 x 108 of xnf'ia, p 478.] 
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218. Electrostatic Measubement 

[Erom Roy Imt Froc Yol xir 1889 [Feb 8, 1889], pp 661, 662 , 
Nature^ Yol. xxxix Mai*oh 14, 1889, pp 466, 466 ] 

A FUNDAMENTAL requisite of a measuring instrument is that 
its application to make a measurement shall not alter the 
magnitude of the thing measured When this condition is not 
fulfilled (as is essentially the case with an electric measuring 
instrument not kept permanently in or on the electric circuit or 
system to which it is applied), it is the magnitude as influenced 
or modified by the meaaurmg instrument which is actually 
measured, and the measurement is to be interpreted on this 
understanding, whatever may be the circumstances. 

The ilearest approach in electric measuring mstruments to 
the fulfilment of this condition, of not altenng the magnitude of 
the thing measured, is attained by the electrometer when applied 
to measure differences of potential between different points of a 
wire or metallic mass of any shape, in which electricity is kept 
flowmg by a battery or dynamo or other electromotive apparatus. 
The insulation of any practical electrometer is so nearly perfect 
that the conduction of electricity through the instrument does not 
sensibly dimimsh the difference of potentials of the points touched 
by the electrodes, and the consumption of energy is therefore 
practically ml. In this respect, therefore, the quadrant electro- 
meter would be ideally perfect: but it is only available for 
potentials of a few volts, and in its most sensitive adjustment 
indicates about of a volt, The lecturer has therefore designed 
for ordinary use m connection with electric lighting and the 
other practical applications of electric energy, a series of instru- 
ments which will measure by electrostatic force potentials of from 
40 volts to 60,000 volts. The construction of the various types 
of this series was fully explaihed^ ' 
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The standardisation of these insirumonts up to 200 or 300 
volts is made exceedingly easy, hy aid ol his coutianipen* halanco 
and continuous rheostat, with a voltaic hattory of any kind, 
primary or secondary, capable of giving a fairly steady eunent 
of iig- of an ampere through it and the pIa(,inoid resistance in 
series with it The accuracy of the electroiungnetic Hlandard- 
isation, within the range of the diioct application of this method, 
IB quite within per cent. A method of multiplicai.ion by aid 
of condensers, which was explained, gives an accuracy (juite 
within -jt per cent, for the inoasurouiont in volts up to 2000 or 
3000 volts , and with not much leas accuracy, hy aid of an inter- 
mediate electrometer, up to 50,000 volts 

He also explained, and illustrated hy a drawing, an ahsolute 
electrometer which he had constnicted for the purpose of 
measuring “ v,” the number of oloctrostatic units of potential or 
electromotive force in the electromagnetic unit of potential. This 
number “v” is essentially a velocity, and experiments have proved 
it to be so nearly equal to the velocity of light that from all tlie 
direct observations hitherto maclo wo cannot toll whether it is a 
little greater than, or a little less than, or absolutely equal to, the 
velocity of light. 

The determination was made by comparing the electromagnetic 
with the electrostatic value, in O.G.s. units, as given by the balance, 
for a potential of 10,000 volts : but hitherto ho has not been able 
to make sure of the absolute accuracy of the oloctro.static balance 
to closer than ^ per cent. 

The results of a groat number of moasuroments which had 
been made in the Physical Laboratory of the University of Glasgow 
during the previous two months gave the required number, "v,” 
within per cent, of 300,000 kilometres per second ; the velocity 
of light is known to be within ^ per cent, of 300,000 kiloiuotros 
per second. Eosults of previous obaervons for dotermining "v” 
had almost absolutely proved at least as closo an agi’eoment with 
the 300,000,000 metros. Ho expressed his obligations to his 
assistants and students in the Physical Laboratory of Glasgow 
University, Messrs Meikle, Shields, Sutherland, and Carver, who 
worked with the greatest perseverance and accuracy, in the 
laborious and often irksome observations by which ho had 
attempted to determine "u" by the direct electrometer method, 



1889] 


ELECTROSTATIO MEASUREMENT 


473 


as exactly as, or more exactly than, it has been determined by 
other observers and other methods. 


Note added March 1889 

The measurement of by Sir William Thomson and Profs. 
A3n*ton and Perry, commumcated to the British Association at 
Bath, was too small (292) on account of the accidental omission 
of a correction regarding the effective area of the attracted disk 
in the absolute electrometer. When this correction is apphed 
their result is brought up to 298, which exactly agrees with 
Profs. Ayrton and Perry’s previous determination by another 
method, in Japan Prof. J. J Thomson’s result is 296 3 It is 
understood that Rowland has found 299. The result of Sir 
William Thomson’s latest observations, founded wholly on the 
comparison of electrometric and electro- magnetic determmations 
of potential in absolute measure, is 301 legal ohms, or 30 04 
Rayleigh ohms, Assuming, as is now highly probable, that the 
ohm is considerably nearer than the legal ohm to the 
true ohm, the result for is 300,400,000 metres per second. 
Sir William does not consider that this result can be trusted as 
demonstrating the truth within ^ per cent. 
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219. On the Seourity against Disturbance of Ships’ 
Compasses by Electric Lighting Appliances 

[From Imt Elec. Engra Journ Vol xviii 1890 [May 23, 1889], pp 667—571, 
679 ; Lurfi ^Jlec Vol xxxiii, Aug. 10, 1889, pp 290, 291 ] 

The danger to be avoided le sufficiently explained in the 
following short statement by Mr William Bottomley, which 
appeared in the Nautical Magazine for December, 1885 — 

The following example of a case which might occur in any 
large ship, will show the amount of error which may be pro- 
duced on the compass” [by the electric lighting apparatus] ^'unless 
precautions are taken to guard against it 

Suppose a main lead from the engme-room to the fore part 
of the ship, to light up 100 lamps, is brought along the centre 
of the ship. It may be at a distance of 10 metres, or 33 feet, 
from the standard compass, and will run almost underneath it. 
If we suppose that each lamp takes one ampere of current 
there will be a current of 100 amperes altogether in this lead. 
Now, the effect ” [of an infinitely long straight current] '' on the 
compass” [above it] "'at a distance D in centimetres is given 
by the formula 2 x where G is the current m amperes 

and 3 is the horizontal magnetic force. In this case wo have 
G= 100 amperes and D = 1,000 centimetres Therefore 

20/1,0005'= 0-02/^. 

At Glasgow the horizontal force may be taken as 0T6 in a G.s. 
units, therefore the effect on the compass will be •02/T5 = 1/7*6. 
This will bo expressed in degrees by multiplying by 67*3, the 
number of degrees in the radian, or angle subtended at the 
centre of a circle by an arc equal in length to the radius. 
Therefore, the amount of error produced by such a current on 
the compass will be 67*3/7*5 = 7*6 degrees. 
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‘'The foregoing refers to a single wire and a continuous 
current machine, but if an alternate cuiTent machine is em- 
ployed no effect will be produced on the compass even when 
the ship’s side is used for the return. When a continuous 
current machine is used, the danger of producing an eiTor on 
the compass can be avoided by using two wires close to one 
another, but these wires should be well insulated from the ship’s 
side. If in any way one of the wires is brought m contact at 
two points of its length with the iron of the ship there may be 
no change observable m the lighting, but the current may produce 
as much error on the compass as it would if there was only a 
single wire 

“The following points should therefore be attended to in all 
cases of lighting ships by electricity — - 

“First. — With continuous current machines two wires, well 
insulated, should always be employed. 

“Second. — The insulation of the wires should be tested 
periodically j if any connection with the iron of the ship is 
found, the fault should at once be corrected. 

“Third — When an alternate current machine is used, a 
single wire may be employed and the iron of the ship used 
to complete the current without producing any effect on the 
compass. 

“ What makes this question of the greatest importance is that 
the error may be produced without ever being detected by the 
officers of the ship. On board ship the errors of the compass 
are usually determined during the day, in the mornmg and 
afternoon, but the electric light is only used at night The 
captain may therefore carefully determine his errors every day, 
and set his course quite correctly; but at night, when the 
electric light is turned on, the ship may be going several degrees 
off her proper course, although she is being correctly steered by 
the compass, 

“In connection with the lighting of ships with electricity, 
there is another point which should also be attended to — that 
is, the position of the dynamo. If it is placed near an iron 
bulkhead, the upper end of which is near the compass, the 
bulkhead may become magnetised by mduction so powerfully 
that it wiU produce a considerable error on the compass/’ 
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The subject was also referred to in Mr Bottomley’s paper on 
The Magnetism of Ships and the Mariner*s Gompass, read before 
the Society of ArtSj January 28, 1886, and published in the 
Journal of the Society for February 6, 1886 In the discussion 
which followed, and m which Captain Creak, of the Admiralty 
Compass Department, Mr Alexander Siemens, and Dr Hopkinson 
took part, it appeared that in three ships, lighted on the single- 
wire system with direct currents, small hut not unimportant 
errors in the compass, due to the lighting currents, had been 
actually observed Smce that time several cases have been 
reported to me of large passenger ships, hghted with direct 
currents on the one- wire system, m which as much as 4° or 5° of 
error on the compass has been produced by the electric lighting 
In the latest of these cases, a few weeks ago, an error of 4° on the 
North course was found when the light was put on. The hght 
was put on and off several times with the ship’s head North, and 
every time the same error was produced. 

The precautions for security which I have to suggest are — 

1. The use of the two- wire method exclusively (unless, which 
13 now rarely the case, alternate currents are used) 

2 The most simple and convement test for faults of insulation 

capable of disturbing any of the compasses on board is a lamp 
set up in the neighbourhood of the dynamo, with one end per- 
manently connected with the ship’s iron, and a switch for readily 
puttmg its other terminal m connection with either of the 
dynamo mams at any time. The switch should occasionally be 
moved each way by the engineer m charge, and if either motion 
lights the lamp to any visible degree, a defect of insulation on 
the corresponding main is proved, and ought to be immediately 
corrected But unless the lamp is lighted to full bnlhance, the 
fault IS certamly not so great as to sensibly disturb a compass. 
Full brilliance proves only one fault, and there must be more 
than one such fault before any error of practical importance can 
be produced in any of the compasses. * 

3 Care that there is not magnetic ^deakage” from the dynamo 
(as practical men, guided by Faraday’s ideas, theory, and language, 
have now taught the scientific world to call it) enough to produce 
any compass-disturbance of practical moment. Capt Creak, 
speaking at the beginning of 1886, in the Society of Arts dis- 
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cussion previously referred to, said that in one ship the direct 
compass-disturbance produced by the generating machine was 
‘'felt through a distance of 55 ft.,'* and across iron bulkheads^ 
and that it was perceptible also in other ships of the Royal Navy 
electrically lighted on the two-wire system 

My impression is that the improved dynamos now made have 
much less of magnetic leakage than those made prior to 1886,. 
but we still want information as to their disturbing magnetic 
effect at such distances as have to be considered in connection 
with the compass question. 

4. To ascertain that there is no perceptible compass-disturb- 
ance, or if there is any to test its amount, the compass should be 
observed while the current through the dynamo is started and 
stopped, either by starting and stopping the dynamo itself, or by 
making and breaking the circuit of the field magnets, This 
should always be done before the electric hght installation is. 
taken over from the contractois It is best and most easily done 
when the ship is in dock, or lying steadily at anchor. On no 
account ought it to be delayed, in a new ship, till she goes out 
for compass adjustment. A determination of the amounts of the 
disturbance, if any, for all courses of the ship can be made by aid 
of my deflector without moving the ship But a sufficient 
practical test may be made by first observing the effect of 
starting and stopping the current, on the compass as it stands 
then adjusting a small magnet placed on, or supported a little 
above, the glass of the bowl, to deflect the compass about 46° 
first on one side and then on the other side of its undisturbed 
position, and in each case observing the effect of starting and 
stopping the electric current. This effect ought not to be as. 
much as 2° in any of the three cases. 

5. A small electric lamp, with its two electrodes insulated 
and twisted together in the usual manner, may safely (and with 
very great advantage in most cases of electrically lighted ships) 
be Used to light the compass. The effect, if any perceptible, of 
its current on the compass ought to be tested m the manner 
described in No. 4. 

After a practical discussion, the President, Sir W. Thomson,, 
Continued as follows.— 

Witii reference to Major Garde w’s very important remark,. 
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that precaution must be used in attempting to light compasses 
by an electric lamp, I may say that it is easy to shape the 
filament so that its magnetic moment, with the current through 
it, shall be insufficient to produce any sensible disturbance on 
the compass, however the lamp is placed outside the bowl, for 
convenience of lighting, and this with a lamp amply powerful 
enough to light the compass 

The proper arrangement of filament for a binnacle-lamp is to 
shape it like a hair-pin, with its two sides not more than half a 
centimetre or a centimetre apart Suppose, for example, a 50-volt 
6-candle lamp (which is a more than amply sufficient light to steer 
by), the filament would be about 6 centimetres long, giving area 
3 square centimetres, and magnetic moment, when excited by 
I of an ampere through it, *2 c G.S. The maximum magnetic 
force of this at a distance of 10 cm (and it could hardly be placed 
nearer, even for the smallest yacht compass !) is 2 x *2 x 10~^ or 
1/2500, which could not disturb the compass by more than about 
a tenth of a degree in these latitudes 

It IS, I think, quite certam that, with any practical arrange- 
ment of the winng, an alternating current cannot demagnetise a 
compass to a partial extent. Regarding the magnitude of the 
disturbance produced by the one-wire system with direct current, 
I may say that, although Mr Bottomley's illustration was a rough- 
and-ready example of an extreme case, you have only to vary 
the figures. Take 150 amperes instead of 100 amperes, or take 
60 amperes mstead of 100 amperes, and take 20 feet instead of 
30 feet, vary it about, and instead of an mfinitely long wire, 
which IS convenient for calculation, take any actual length of wire 
concerned m any particular case, and the well-known formulas 
will show you that the effect on the compass is practically very 
considerable But I must say that theoretical calculations 
of this kmd are mere examples of what are possibilities If the 
calculation of such an example as that shown in Mr Bottomley's 
calculation gave only 2° or I"* for the greatest possible disturbance, 
then we might rest contented that in no practical circumstance 
would it be very senous. All we can do by theoretical examples 
of that kmd is to let us know before we go into iron and steel 
and compasses and ships, before we go out of the laboratory or 
the workshop — to let us know what can be expected as a possible 
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disturbance, If we know that the greatest possible disturbance 
IS insensible, we may be satisfied, but if we know that the 
disturbance can be considerable, then experience alone can tell 
us whether we may neglect the thing in any particular case, or 
agree to neglect it in general, or not Now I must say, as a 
practical matter, that m the first place it la better to avoid a 
disease altogether than to let a disease be produced and then to 
find a remedy for it, and in the next place I would say, with 
reference to proposed remedies, the doctor's bill for curing the 
disease is liable to be much more expensive than adopting the 
arrangement in the beginning by which the disease can be pre- 
vented, and the cure is essentially imperfect at best, after all that 
can he done short of almost complete re-winng 

By a troublesome and expensive shuntmg or doubhng of wires 
in a part of the ship, you may annul the disturbance on one 
particular compass, but then there is another compass and another 
compass, all three mcessantly used in the navigation of the ship. 
It 18 practically not possible to arrange the mains on the one-wire 
system so that there is no sensible error on one or other of the 
compeisses. I did not care to mention the names of ships or 
Companies, but I know many cases in which there are errors of 
3®, 4®, and 6°, undoubtedly due to the electric lightmg. Now I 
would remark that it is not at all satisfactory to have a changing 
error in the steering compass, although the standard compass 
may be unaffected. The ship is steered by the steering compass. 
An officer in another part of the ship looks frequently at the 
standard compass, and if he finds the course of the ship is wrong 
he passes an order or a caution to the steersman; but it is 
exceedmgly mconvenient if the officer in command, having known 
that his steering compass was all right at a certain time, should at 
some uncertain time — when the saloon is lighted up for No. 2 
passengers' dinner, for example I — find the ship off her course 2®. 
He does not know whether it is careless steering or an error in 
the compass, and it may take ten mmutes to find out which it is 
that* has caused the ship to go off 2®. That is an intolerable 
state of things. Anything that introduces errors at all adds to 
the complication, great enough and perplexing enough as it is, 
that already exists, whether with the officers, the watch, or the 
men steering, and should if possible be avoided; and if the 
electric lighting of the ship could not be done otherwise than by 
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motliods which introduce errors of from 2 ° to 5° at uncertain 
times m different parts of the ship^ it would he a senous question 
whether the electric lighting should not be given up altogether, 
or the captain and oflScers of the ship should make up their minds 
to pay careful attention to it and look out for the changes To 
depend upon the steward sending a message that he is gomg to 
light up a cabm or part of the ship would be a very inconvenient 
state of thmgs 

It seems to me that if the one-wire system is to be used at 
all, it ought to be obligatory to use only alternate current mth 
it. If direct currents are used, the two-wire system alone ought 
to be admitted on board ship Electricians must not suppose 
that if sailors do not complam there is nothmg to complain of. 
In the first place, sailors do not always know that they have 
suffered from the error. Many a man has been steenng for 
several hours, and has never imagmed that his compass had been 
disturbed owmg to the hghting of the ship Even a thoroughly 
careful man may not have discovered that it was the lighting 
that has caused some disturbance which he may have noticed in 
his reckoning 

I have occupied youi' time too long, but I would just, m 
conclusion, beg the Institution to consider, as far as the mfluence 
of its members is concerned (and I hope my friends will forgive 
me for bemg so urgent), whether it would not be better to adopt 
the two-wire system umversally m ship lighting. 
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220 Note on the Dieegtion op the Longithdinal Cueebnt 
IN Iron and Niokel Wires Induced by Twist when 
UNDER Longitudinal Magnetizing Force 


[From Ph%L Mag Vol xxix Jan 1890 [dated Dec. 21, 1889], pp 132, 133 
Cf mpra^ pp 418, 419 ] 

To avoid circumlocutions suppose the iron or nickel wire to 
be vertical, and the magnetizing current to be m the opposite 
direction to that of the motions of the hands of a watch held with 
its face up The undisturbed magnetization is downwards^. 
Now suppose a right-handed twist to be given to the wire Its 
elongational spiral is nght-handed, and its contractional spiral is 
left-handed If the substance is iron, the Imes of magnetization 
become left-handed spirals, if nickel, right-handed. Now a down- 
ward current, in the downwardly magnetized wire, would, by the 
superposition of circular magnetization in the direction opposite 
to that of the hands of a watch, cause the lines of magnetization 
to become left-handed spirals. Hence the sudden right-handed 
twist induces in iron a current upwards, in nickel a current down- 
wards. Thus we have the following simple specification for the 

* Much of oirouinlooution is avoided, and of clearness gamed, thronghout 
dynamics and physios, by introducing the substantive noun ward (as has been 
done by my brother Prof. James Thomson m his leofeurea on Engineering, and m 
lithographed sheets put mto the hands of his students, in the University of 
Glasgow) to signify liwt and direotion in a fine, — that which is represented ordi- 
narily i>y a barbed arrow. Takmg advantage of this usage I now define the ward 
of magnetization as the ward m which the magnetizing force urges a portion of the 
ideal northern magnetic matter or northern polarity. By northern polarity, I 
mean polarity of the same kmd as that of the earth*s northern hemisphere It is 
that which is marked bine by Sir George Airy to distmgmsh it from southern 
magnetic matter or southern polarity, which he marked red* According to a usage 
condemned 800 years ago by Gilbert, but not yet quite dead, English instrument-' 
makers stiU sometimes mark with an N the true south pole, and with an S the true 
north pole, of their steel har-magnets All confusion due to this unhappy mode 
of marking magnets is done away with by Sir George Airy^s red and blue. 
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directions of the induced longitudinal currents in the two sub- 
stances, without reference to '^up'' or “down 

From any point, P, on the surface of the wire, draw same- 
wards parallels to the current m the nearest part of the 
magnetizing solenoid, and to the direction of the induced 
longitudinal current Draw a hehx through P making an acute 
angle with each of these lines This helix is of same name as 
the elongational helix for iron, and as the contractional helix for 
nickel 


221. On Electbostatio Stbess. 

[From Nature, Yol xdi Feb 13, 1890, p 358, Abstract , Edinh Roy 
Roc Proc Yol xvn [Jau 20, 1890, title only], p 412] 

A COMPLETE djmamical illustration of electro-dynamic action 
may be had in an elastic solid, homogeneous m so far as rigidity 
is concerned, permeated with pores of unalterable size containing 
liquid. These pores may be m part in commumcation with each 
other, and in part closed by elastic partitions. These cases cor- 
respond to conductors and non-conductors respectively Electro- 
static stress depends on the curvature and extension of the 
partitions. The law of capacity in the model is identical with 
that m conductors 


222 On an Accidental Illustration of the Epfeqtive 
Ohmic Resistance to a Transient Electric Current 
through a Steel Bar 


[From Edinh Roy Roo Proc Yol. xvn. [read March 17, 1890], 2ip 157 — 167. 
Reprinted m Math and Phys Papc7% Yol. ill. art xci pp, 473 — 483 ] 
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223 On the Time-integual of a Transient Electro- 

MAGNETICALLY INDUCED CURRENT 
[From Phil Mag Yol xxix March, 1890, pp 276 — 280 ] 

It has hitherto been generally supposed that, m ordinary 
apparatus for electromagnetic induction, -with or without soft 
iron, the oppositely directed transient currents, in the secondary 
circuit, induced by startings and stoppings of current in the 
primary circuit, have equal time-integrals 

I have recently perceived [been wrongly led to imagine] that 
this may be far from bemg practically the case by the following 
considerations The starting and stopping of the current m the 
pnmaiy circuit was, in Faraday's origmal discovery of this kind 
of electromagnetic induction (Exp. Res Series I Nov 1831), and 
IS generally m elementary illustrative experiments, produced by 
makmg and breaking a circuit consisting of a voltaic element or 
battery and the inductor- wire In this arrangement the starting 
of the inductor- current is generally much less sudden than the 
stopping Hence a thicker shell of the secondary wire (or portion 
inwards from the outward boundary) is utilized for conductmg 
the secondary current, on the make, than on the break* Hence 
the effective ohmic resistance in the secondary circuit is less to 
the current mduced by the make than to the current induced by 
the break, and the time-integral of the former current is cor- 
respondmgly greater than the time-integral of the latter 

Faraday in his first experiment found the current induced 
by the make to be greater than that induced by the break, but 
he explained it by the running down of his voltaic battery during 
the time the current was passing through the primary, in con- 
sequence of which the magnitude of the current stopped on the 
break was smaller than that of the current instituted on the 

* [In reality the whole cross sectional area of the secondary conductor is 
utilized, equably in all its parts, in conducting the secondary current See Post- 
script of February 28 (W T )] 
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make This was undoubtedly a 'i^erob causa, and probably one of 
considerable potency, considering that Faraday had then no 
DanieH’s battery and had no storage-cells to serve him in his 
work Another vera causa is the heating of the circuit, which, 
even with a battery of constant E M F , may render the current 
started very considerably greater than the current stopped in 
ordinary experiments Faraday, in his original experiments*, 
had only magnetization of steel wires to discover the induced 
currents by, and to test their magmtude, and he had no 
galvanometer in the primary ciicuit If he had had a ballistic 
galvanometer in his secondary circuit, and any suitable galvano- 
meter for steady currents in his pnmary circuit, he might possibly 
have foundf that the time-integral (as shown by the ballistic 
galvanometer) of the pnmaiy current exceeded that of the 
secondary current by a greater difference than could be accounted 
for by the current being suddenly started and the current 
suddenly stopped in the primary So far as I know no one, 
from 1831 till now, has made any experimental examination of 
the question suggested in Faraday's Exp Res. Senes I 16, and 
his idea that the two cui rents are equal has been generally 
accepted} I have therefore asked Mr Tanakadatd to make some 
experiments on the subject in my laboratory He immediately 
obtained results§ seeming to demonstrate a considerable excess 
in the time-mtegral (as shown by a ballistic galvanometer) of the 
secondary current on the make above that on the break A 
magneto-static galvanometer in the primary circuit showed the 
current before the break to be always a little less than immediately 
after the make This difference was due to heating of the 
pnmary circuit, because a potential galvanometer applied to the 
two terminals of the voltaic element used, which was a large 
storage-cell, showed no sensible drop of potential during the flow 

* Exp Researches, Series I 1881 

t [No On the contrary, he would have found that his first idea, of perfect 
equahty of the two ounents, was perfectly true I February 2S. (W T )] 

t See Maxwell’s Mectncity and Magnetism (1878), Yol ii § 587, p 171 

§ But these results we find are quite untrustworthy because of the susceptibility 
of the steel needle of the galvanometer to magnetic induction, which with the 
currents produced through its coil by the induced currents due to the make and 
break m the pnmary cyouit, may largely alter its effective magnetism It is in 
fact well known that balhatio galvanometers with steel needles give very erratic 
results if they are used in attempting to find time-integrals of very intense tiansient 
currents of very short duration. 
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of the current m the primary circuit It was, however, insufficient 
to account for the large differences found between the balhstic 
deflexions produced by the mduced currents on the make and on 
the break A rapid succession of makes and breaks has given 
large irregular permanent deflexions of the ballistic galvanometer, 
sometimes m one direction, sometimes in the other, which we 
have found to be chiefly due to magnetic susceptibility of the 
steel needle of the ballistic galvanometer and we find that this 
cause has probably vitiated the observations on the effects of 
single makes and breaks. I have therefore arranged to have 
experiments continued, with a coil of very fine wire bifilarly 
suspended, instead of the steel needle of the ballistic galvano- 
meter , a steady current through the fine wire being maintained 
by an independent voltaic battery 

Hitherto the make and break have been performed by hand, 
dipping a wire into and lifting it out of a cup of mercury 

Various well-known methods may be used to render either 
the break or the make so gradual that we may be sure of the 
induced current running practically /liW-tora through the secondary. 
On the other hand, very sudden breaks may be effected by 
separating two little balls or other convex pieces of copper by 
the blow of a hammer. The experiment may be varied by short- 
circuiting the ends of the inductor and allowing the current from 
the battery to continue flowing through electrodes of sufficient 
resistance not to allow an injuriously great amount of current to 
flow. These electrodes, between the voltaic element and the 
ends of the inductor-wire, may have large self-mductance given 
to them by coiling them round a closed magnetic circuit of soft 
iron. The starting of the current in the inductor-wire will thus 
be rendered much more sudden than the stoppmg, and the 
induced current in the secondary will no doubt be found stronger 
on the stoppage than on the start, Mr Tanakadat6 is continuing 
the experiments with these modifications in view 

The mathematical foundation of the common opimon that the 
time-integrals of the induced currents on the make and break are 
equal is as follows*. 

* [February 28. — ^Worked out more perfectly it BhowB, as follows, that the 
common opinion is correct 1 

Imagine the whole secondary oondnotor dividod into mfimtely e mail filaments 
of oroBS-section ciO ’ and let ^ he the current-density, at time t, in any one of these. 
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Let /3 and 7 be the currents at time t in the primary and m 
the secondary circuits respectively , J the self-inductance of the 
secondary circuit, and M the mutual inductance of the two. 
We have 




dt ‘ 


Hence if 7 = 0 when t = 0, and %f we suppose R to be constant, 
rt M T 

Now let T be any value of t so large that ^ has become sensibly 
constant, and 7 has subsided to zero We have 

M 

This shows that the time-integral of the induced current in the 
secondary circuit would depend solely on the difference of values 
of the current in the primary at the beginning and end of the 
time included in the reckomng, and would be quite independent 
of suddenness, yt' the e^echve ohimc resistance were constant But 
this supposition IS not true , and that it is very effectively untrue 
for copper wires of a milhm diameter or more, and times of change 
in the primary less than of a second, we see readily by looking 
to the difiusional curve and the time-number, -gb of a second for 
curve 10 , corresponding to the diffusivity of copper for electric 
currents (which is 131 square centimetres per second) given and 
explamed m my short article on a Five-fold Analogy, in the 


Instead of 7 m the text take and instead of It take Z/(o-dn) , cr denoting the 
specific conduotinty of the material, and I the length of the oiromt We have 


(Vt QiU 


where 8 denotes the sum of effects due to the riBings and fallings of current m the 
different parts of the secondary conductor Their tune-integral from 0 to T is 
essentially zero, as is also that of the infinitesimal middle term of the second 
member. Hence we have 

J 0 

which shows that the time-integral of the current, ^n each filament of the 
secondary conductor, is exactly equal to that which is calculated accoidmg to the 
ordinary elementary theory I The whole details of the fallacy m the text are now 
clear I] 
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British Association Report for Manchester, 1888 (to be found also 
m the Electrical Journals, and Nature) 

[Postscript, February 23, 1890. — The thermal analogy, which 
IS very simple for the case of electric currents in parallel straight 
lines, has, as soon as I have considered it, shown me the fallacy 
pervadmg the text, and has led me to make the corrections in 
the insertion and footnotes enclosed in brackets [ ], all of which 
are of the date of this postscnpt. Preliminary experiments with 
the suspended coil instead of the steel magnet, m a ballistic 
galvanometer now nearly completed by Mr Tanakadat^, have 
already disproved the large differences which I expected between 
the time-integrals of the secondary currents on the break, and on 
the make , and sis far as they have yet gone are consistent with 
the perfect equality which I now find proved by theory.] 


224 On the Submarine Cable Problem, with Electro- 
magnetic Induction 

[From Nature, Yol. xlii July 17, 1890, pp 287, 288, Abstract , Edinh Roy 
Soc Proc Yol. XVII. [title only], p. 420 Of infra, p. 489.] 

Sir W. Thomson read a paper on the submarine cable problem, 
with electromagnetic induction. The solution of the problem with 
intermittent or alternating currents of period so long that the 
distribution of current over a given cross-section of the core is 
uniform, is already well known. Sir W Thomson extends the 
solution, through all intermediate stages, to the case in which the 
period is so short that the current is confined to an exceedingly 
thin surface-layer of the core. He has worked out the conditions 
which obtain with a core and sheath of any forms. The thickness 
of the layer depends only, other things being equal, upon the 
period of alternation— the law being that given by Fourier for 
the penetration of the annual and diurnal heat-waves mto the 
earth’s crust. The distribution of density throughout the layer 
depends upon the form and relative position of the core and the 
sheath. 
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226 On an Illustration oi^ Contact Electricity pre- 
sented BY THE Multicellular Electrometer 

[Erom Brit Absoc Beport, 1890, p 728 , Nature^ Yol ZLii Oct 9, 1890, 
p 677, iMfn Mqq Yol xxxvm Dec 6, 1890] 

In the multicellular electrometer, the force between the 
aluimmum needles and the brass cells is modified by the ‘contact- 
electricity ’ difference between pohshed brass and polished 
alumimum. In the tnal instruments made up to about a year 
ago, the result was scarcely perceptible , probably because care 
had not in them been bestowed to give high polish to the metalhc 
surfaces. 

In the mstrument as now made, differences of from two- 
tenths to three-tenths of a volt are found , averaging about ^ of 
a volt 

The force by which ^ of a volt of difference of potential could 
be shown, on a difference of 100 volts, bears to the force by which 
the same difference could be shown with the two metals in metallic 
connection, the ratio of (100 + — 100^ to or of 800 to 1 

Thus the use of the multicellular electrometer gives a new and 
very interesting direct proof of Volta’s contact electricity 

Some careful observations m Major Cardew’s new standardismg 
laboratory of the Board of Trade, made by Mi' Rennie at frequent 
intervals durmg the last six weeks, have given doubled differences 
of from 65 to 5, seeming to show a shght tendency to decrease 
with time 
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226 . On Axteenate Oubbents in Paeallel Condijotobs op 
Homogeneous ob Heteeogenbous Substance 

[From Bnt Assoc Repoit, 1890, pp 732 — 736, Nature, Yol xlh 
Oct 9, 1890, p 677.] 

This Paper consists of a description of some of the results of 
a full mathematical investigation of the subject, which I hope 
to commumcate to the Philosophical Magazine for an early 
number^ 

1 Two or more straight parallel conductors, supposed for 
simplicity to be infinitely long, have alternating currents main- 
tained in them by an alternate-current dynamo or other electro- 
motive agent applied to one set of their ends at so gi’eat a 
distance jfiom the portion mvestigated that m it the currents 
are not sensibly deviated from parallel straight hnes The 
other sets of ends may, indifferently in respect to our present 
problem, be either all connected together without resistance, or 
through resistances, or through electro-motive agents All that 
we are concerned with at present is, that the conductors we 
consider form closed circuits, or one closed circuit, and that 
therefore the total quantities of electricity per unit of time at 
any instant traversing the normal sections in opposite directions 
are equal 

2 We suppose the penod of the alternation to be very great 
in comparison with the time taken by light to traverse a distance 
equal to the greatest diameter of cross-section of our whole 
group of conductors. This supposition is implied m the previous 
assumptions of parallel rectilinearity of the electric stream hnes, 
and of equality of the quantities of electricity traversing, m 
opposite directions, the several areas of a normal section 

3» We farther suppose that the length of our conductors 

* [For more detailed treatment, of. Presidential Address on “Ether Eleotnoity 
and Ponderable Matter,’* Jan. 10, 1889, reprinted m Math and Pliys Papers, 
Yol. lu. pp 484—618.] 
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and their effective ohmic resistances are so moderate* that the 
quantities of electricity deposited on and removed from their 
boundaries to supply the electrostatic forces along the con- 
ductors required for producing the alternations of the currents, 
are negligible in comparison with the total quantity flowmg in 
either direction m the half-period This supposition excludes 
important practical problems of telegraphy and telephony, the 
problem of long submarine cables, for instance , but it includes 
the problem of electric lighting by alternating currents trans- 
mitted at high tension through considerable distances , as, for 
example, from Deptford to London 

4 The general investigation mcludes as readily any number 
of separate circuits of parallel conductors as a smgle cncuit, but, 
for simplicity m describmg results, I suppose our system of 
conductors to be so joined at their ends as to constitute a single 
simple circuit of two parallel conductors *}* It may be either two 
parallel conductors or one conductor, one of which may or may 
not surround the other, as shown in Figs. 1 and 2, representmg 
cross-sections Each conductor may be single, as m Figs. 1 and 2, 
or either may be multiple parallels 



Fig. 1 Fig 2. 


The ciroiiinstaii6eB in wlncli this condition is fulfilled may be usefully lUus- 
trated by <Jonsidering the important practical cases of aubmarme cables, and of 
metallio circuits of two paraUel wires insulated at a distance anything less than a 
few hundred times their diameter For all these cases the numeric expressing the 
electrostatic capacity of either conductor per umt of its length (the other supposed 
for the moment to he at zero potential) is between 2 and 0 1, and for our present 
rough comparison may be regarded as moderate m oompanson with umty. On 
this supposition the condition of the text requires for fulfilment that the mean 
proportional between the velocity which expresses m electro-magnetic measure the 
resistance of one of the conductors and the velocity of a body travelling the length 
of the bondnotor, m a time equal to half the period of alternation, shall be exceed- 
ingly small m oompanson with the velocity of hght. 

t Cf “Anti-Effective Copper in Parallel or m Coiled Conductors for Alternate 
Currents,” infra, [p 496]. 
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5 suppos6 each conductor to be homogeneous in sub- 

stance, and m cross-section from end to end, but not necessarily 
homogeneous m different parts of the cross-sectioa Thus the 
two conductors, or the different parts of either, may be of different 
metals, or either conductor or any part of either conductor may 
consist of two metals (as iron and copper, or iron and lead) laid 
parallel and soldered together 

6. We shall call A and A' the cross-sectional areas or groups 
of areas of the two conductors respectively of the obher All the 
different portions of A are connected metallically at their two 
ends, and are thus all of them at one potential at one end and 
another potential at the other end , and similarly for A' The 
homogeneousness of the material and of the cross-sections along 
the length of the conductors and the umformity of the total 
currents assumed in § 3, implies that all the different parts of 
A in one cross-sectional plane are at one potential, even though 
A consist of mutually isolated parts, or A' consist of isolated 
parts. If, as in Figs. 1 and 2, all the parts of A are m mutual 
metallic connection, and aU the paits of A' are m mutual metallic 
connection, this would entail uniformity of potential through 
and uniformity of potential through A\ even without the hmita- 
tion of our subject laid down in § 3 

7. The following are some of the most noteworthy results of 
the full mathematical treatment of the subject • 

I When the period of alternation is large in companson 
with 400 times the square of the greatest thickness or diameter 
of any of the conductors, multiphed by its magnetic permeability, 
and divided by its electric resistivity, the current intensity is 
distributed through each conductor inversely as the electric 
resistivity; the phase of alternation of the current is the same 
as the phase of tho electro-motive force , and the current across 
every infinitesimal area of the cross-section is calculated, according 
to the electro-motive force at each instant, by simple application 
of Ohm’s law. 

II. When the period is very small in comparison with 400 
times the square of the smallest thickness, or diameter of any 
of the conductors, multiplied by its magnetic permeability and 
divided by its electric resistivity, the current is confined to an 
exceedingly thin aurfane-stratum of the conductors. The thick- 
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ness of this stratum is directly as the square root of the quotient 
of resistivity divided by magnetic permeability, of the substance 
m different parts of the surface. The total quantity of the 
current per umt breadth of the surface is independent of the 
material, and, except in such cases as those referred to at the end 
of Case II below, vanes in each cross-section in simple proportion 
to the electnc surface density of the static electrification induced 
by the electro-motive force applied between the extremities for 
mamtaimng the current The distribution of this electnc density 
IS similar in all cross-sections, but its absolute magnitude at 
corresponding points of the cross-section varies along the length 
of the conductor in simple proportion to the difference of electnc 
potential between A and A\ and is zero at one end, in the 
particular case in which the conductors are connected through 
zero resistance at one end, while the electro-motive force is applied 
by an alternate current dynamo at the other end On the other 
hand, the surface distribution of electnc current is uniform 
throughout the whole length of the conductor, and it is only its 
distribution in different parts of the cross-section that vanes as 
the electric density 




Fig. 3. 


The proportionality of surface intensity of the current to 
electric density, asserted above, fails clearly in any case in which 
the circumstances are such that the distance we must travel along 
the surface to find a sensible difference m electnc density is not 
very great in comparison with the thickness of the current- 
stratum Such a case is represented in Fig. 3, which is drawn 
to scale for alternate currents of period -g^^-th of a second in round 
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rods of copper of six centimetres diameter. The spaces between 
the outer circular boundaries and the inner fine circles indicate 
what I have called the mhoic thickness^, being 0 714 of a centi- 
metre for copper of resistivity 1611 square centimetres per second 
The full solution for such a case as that represented in Fig. 3 
belongs to the large class of cases intermediate between Cases I 
and II, and could only be arrived at by a kind of transcendent 
mathematics not hitherto worked But, without working it out, 
it IS easy to see how the time-maximum intensity of the current 
will diminish inwards from the surface, and will be, at any point of 
either of the inner fine circles, about one-half or one-third of what 
it is at the nearest point of the boundary surface , and that at 
points in the surface, distant from BB by one-half or one or two 
times the mhoic thickness, the current intensity will be much 
smaller than it is at B and B 

III. In Case I the heat generated per unit of time, per unit 
of volume, in different parts of the conductors, is inversely as 
the electric resistivity of the substance, and directly as the square 
of the total strength of current, at any instant. In Case 11 the 
time-average of the heat generated per unit of time, per unit of 
area of the current stratum, is as the time-average of the square 
of the quantity of current per unit breadth, multiplied by the 
square root of the product of the electric resistivity into the 
magnetic permeability. 

IV. Example of Case III : Let the conductor be a thin flat 
bar, as shown in the diagram (Fig, 4), A' bemg a tube surrounding 
d, or another flat bar like d, or a 
conductor of any form whatever, 
provided only that its shortest dis- 
tance from d 18 a considerable 
multiple of the breadth of A, The 
thickness of A must be sufiSciently 
great to satisfy the condition of 
Case II, and its breadth must be a 
large multiple of its thickness. (For copper carrying alternating 
currents of frequency 80 periods per second, these conditions 
will he practically fulfilled by a flat bar of 4 cms. thickness 
and 30 or 40 cms. breadth ) The current in it is chiefly con- 



OoUected Papers^ Yol. iii Art. cii, § 85 
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fined to two strata extending to small distances inwards from its 
two sides (For copper and firequency 80 periods per second, the 
time-maximum of intensity of the current at the surface will 
be about or 7*4, times what it is at a distance 1*43 cms in 
from the surface ) The quantity of current per unit breadth, 
or, as we may call it for brevity, the surface-density of the 
current m each stratum, is determined by the well-known solu- 
tion of the problem of fimling the surface-electric-density of an 
electrified elhpsoid of conductive material undisturbed by any 
other electrified body The case we have to consider is that of 
an ellipsoid, whose longest diameter is infinite, medium diameter 
the breadth of our flat conductor, and least diameter infinitely 
small In this case the electric density vanes inversely as 
sJ(0B^—0I^) The graphic construction in the drawing shows 
PQ = ^/{OB^ — 01^), and we conclude that the time-maximum of 
the surface-density of the current varies inversely as PQ The 
infinity, which in the electric pioblem we find for electric density 
of the ideal conductor, is obviated for the electric current problem 
by the proper consideration of the rectangular corners or the 
rounded edge (as the case may be) of our copper bar, which, 
though exceedingly interesting, is not included in the present 
communication Suffice it to say that there will be no infinities, 
even if the corners be true mathematical angles 

V. Example of Cases I and 11: Let A consist of three 
circular wires, (7, P, and /, of copper, lead, and mon respectively. 
In Case I the quantities of the whole current they will carry and 
the quantities of heat generated per umt of time in them will be 
inversely as their resistivities In Case II, if the centres of the 
three circular cross-sections form an equilateral tnangle, the 
quantities of heat generated in them will be directly as the square 
roots of the resistivities for G and L , and for Case I would be as 
the square root of the product of the resistivity into the magnetic 
permeability, if the magnetic permeability were constant and the 
viscous or frictional resistance to change of magnetism nothing 
for the iron m the actual circumstances This last supposition 
IS probably true approximately with a permeability of for iron 
or steel, accordmg to Lord Eayleigh, if the cuirent is so small 
that the greatest magnetismg force acting on the iron is less 
than 1 G G S 

VI. The dependence of the total quantity carried on extent 
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of surface, according to the electrostatic problem described in 
Case n, justifies Snow Harris, and proves that those who con- 
demned him out of Ohm’s law were wrong, in respect to his advis- 
ing tubes or broad plates for lightning conductors , but does not 
justify him m brmging them down in the mterior of a ship (even 
through the powder magazine) mstead of across the deck and 
down its sides, or from the masts along the rigging and down the 
sides to the water The non-dependence of the total quantities 
of cuiTent on the material, whether iron or non-magnetic metals, 
seems quite in accordance with Dr Oliver Lodge’s experiments 
and doctrines regarding ‘‘alternative path” and lightning con- 
ductors. The case of alternate currents is, of course, not exactly 
that of lightning discharges, but from it, by Fourier’s methods, 
we infer the main conclusions of Oases II and V, whether the dis- 
charges be oscillatory or non-oscillatory, provided only that it be 
as sudden as we have reason to beheve lightnmg discharges are. 
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227 On Anti-effective Copper in Parallel Conductors 
OR IN Coiled Conductors for Alternate Currents. 

[From BtU Assoc Report^ 1890, pp. 736 — 740 , Natwe^ YoL XLn Oct. 9, 1890, 
pp 677,678, Lum Mcc Yol xxsvni pp 317 — 321] 

1 It is known that by making the conductors of a circuit 
too thick we do not get the advantage of the whole conductivity 
of the metal — copper, let us say — for alternate currents When 
the conductor is too thick, we have m part of it comparatively 
ineffective copper present , but, so far as I know, it has generally 
been supposed that the thicker the conductor the greater will be 
its whole effective conductance, and that thickening it too much 
can never do worse than add comparatively ineffective copper to 
that which is most effective in conveying the current It might, 
however, be expected that we could get a positive augmentation 
of the effective ohmic resistance, because we know that the 
presence of copper in the neighbourhood of a circuit carrpng 
alternate currents causes a virtual increase of the apparent ohmic 
resistance of the circuit in virtue of the heat generated by the 
currents induced in it. May it not be that anti-effective mfluence, 
such as is thus produced by copper not forming part of the circuit, 
can be produced by copper actually in the circuit, if the conductor 
be too thick? Examining the question mathematically, I find 
that it must be answered in the aflhrmative, and that great 
augmentation of the effective ohmic resistance is actually pro- 
duced if the conductor be too thick , especially m coils consistmg 
of several layers of wire laid over one another in series around a 
cylindric or flat core, as m various forma of transformer 

2 Fig, 1 may be imagined to represent the secondary coil 
of a transformer consistmg of solid square copper wire in three 
layers. For simplicity we suppose the axial length to be infimtely 
great, and straight, but the uniformity which this involves, and 
a close practical apphcation to its simplicity, is reahsed in that 
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excellent form of transformer which consists of a toroidal iron core 
completely covered by primary and secondary wires laid on toroidal 
surfaces. To simplify the mathematical work, I suppose the whole 
thickness of the three layers to be small m compaiuson with the 
greatest radius of curvature of the circular or flat cylindric surface 
on which the wire is wound, but if it is not so bhe solution is easily 
obtained, for the case of circular cylinders, in terms of the Founer- 
Bessel functions. It is of no consequence for our present question 
what there be inside of coil No. 3, and, if we please, we may 
imagme there to be nothing but air, the drawing, however, 
indicates an iron core and a apace which might be occupied by 
the primary coil, if a transformer is the subject; or our coil A AAA 
may be the primary coil of a transformer with secondary coil and 



Pig. 1. 

core inside it, and the alternate current maintained in it by an 
external electromotive agent acting in an arc between its ends 
outside. Our present results are applicable to all these varieties 
of cases indifferently, all that is essential being that the total 
quantity of current be given at each instant, and be uniform 
throughout the whole length of the coiled conductor. 

3. This last condition is secured by perfectness of insulation 
between all contiguous turns of the coil, unless we were considering 
so enormously long a coil that the quantity of electricity required 
for the essential changes of static electrification would be sensible 

32 
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as constituting drafts from, or contributions to, the current in 
the coil The consideration of static electrification, involved m 
the maintenance of alternate currents through a coil such as that 
represented in Fig 1, is exceedingly curious and interesting ; but 
we do not enter on it at present at all, as in all practical cases 
the quantities concerned are quite infinitesimal m comparison 
with the whole quantity flowing in one direction or the other m 
the half period. ^ 

4 In the drawing the section of the wires is represented as 
square, but this is not essential, and in practice a flat rectangular 
nbbon would, no doubt, for some dimensions of coils, be preferable 
I assume the thickness of the insulation between the successive 
squares or rectangles in each layer to be infinitely small in 
comparison with the breadth of the rectangle , but the thickness 
of the insulation between successive layers, which is a matter of 
indifference to my calculations, may be anything , and would, in 
practice, naturally be, as shown in the diagram, considerably 
greater than the thickness of the insulation between the contiguous 
portions of the coil in each layer 

5 The full mathematical work which I hope to communicate 
to the Ph%lo8ophiGal Magazine for publication in an early number 
includes an investigation of the self-induction of the coil with or 
without anything in its interior (such as core or primary wire of 
a transformer), but at present I merely give results, so far as 
effective ohmic resistance, or generation of heat m the interior 
of the wire of the coil AAAA itself, is concerned, which, as said 
above, is mdependent of ever 3 rthing in the mtenor, and of the 
mode m which the alternating current is produced, provided only 
that the total amount of electricity crossing the section of the 
wire per umt of time be given at each instant. 

6. As a preliminary to facihtate the expression of these 
results, it IS convenient first to give a general statement of the 
solution of the problem of laminar diffusion of a simple harmonic 
variation, apphed to the case of electric currents in a homogeneous 
conductor. Let the periodically varying magnetic force m the air 
or other insulatmg matenal m the neighbourhood of so small a 
portion, Sy of the surface of a conductor that we may regard it as 
plane, be given Resolve this magnetic force mto two components, 
one, perpendicular to S, which we may neglect, as it has no influence 
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in connection with the currents we are to consider, the other, parallel 
to Si which we shall call the eflfective component and denote by 
F. Through any point 0, of S, draw three rectangular hnes OX, 
OY, OZ, of which OF and OZ are m S, and OF is parallel to the 
direction of the eflfective magnetic force component F Let now 
the value of F at time t be 

Y=M cos — , 


where M denotes a constant, and T the period of the alternation 
The varying magnetic force F, to whatever cause it may be due, 
implies currents parallel to OZ in the conductor, expressed by 
the formula for 7 , the current intensity at distance x from the 
plane S^ provided T be small enough to fulfil the condition stated 
below — 


7 = 


M 

' e ^ cos 




f27rt 1 


where X denotes what we may call the wave-length of the dis- 
turbance, and is given m terms of T, the period of the disturbance, 
and p and 11 the resistivity and magnetic permeability of the 
substance, by the following formula — 



For copper we have 11=1, and p = 1611 square centimetres per 
second , and thus for 80 periods per second A = 4 49, or, say, 
4^ centimetres. In order that the formula for 7 may be approxi- 
mately true it IS necessary, in the first place, that A must be 
small m comparison with the distance we must travel in any 
direction in the surface of S before finding any deviation of it 
from the tangent plane through 0 comparable with X. Secondly, 
for a very good approximation, X must be so small that we may 
be able to travel inwards in any direction from 0 , through a space 
equal to at least twice X, without coming to any other part of the 
bounding surface of the conductor If, for example, the surface 
be a flat plate, this condition requires that the thickness be more 
than twice X But (because 6~'^ is less than the formula gives 
a very fair approximation requiring for a half the thickness of the 
plate inwards from 8 no greater correction than about 4 per cent , 
even if the thickness of our plate be no greater than X When 
the thickness of the plate is less than 2X, we may consider waves 

32—2 
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of electric current as travelling inwards from its two sides, and 
being both sensible at the middle of the plate , and a complete 
solution of the problem is readily found by the method of images. 
But a direct analytical investigation, by which the proper con- 
ditions of relation to varying magnetic force on the two sides of 
the plate are fulfilled, is the most convenient way of fully solving 
the problem, and it is thus that the results given below have been 
obtamed 


7 The smallness of the insulating space between the suc- 
cessive turns m each layer of our coil A AAA, and the equality 
of the whole current through them all, prevent any surface dis- 
turbance from being produced at the contiguous faces, and allow 
the problem to be treated as if, instead of a row of squares or 
rectangles, we had a contmuous plate formmg each stratum The 
smallness of the thickness of this plate in companson with the 
radius of the cylmdric surface to which it is bent allows, as said 
above, the mathematical treatment for an infimte plate bounded 
by two parallel planes to be used without practical error. I have 
thus found an expression for the intensity of the current at any 
point in the metal of any one of the layers of a coil of one, two, 
three, or more layers; and have deduced from it an expression 
for the quantity of heat generated per unit of tune, at any instant, 
per umt breadth in any one of the layers. I need not at present 
quote the former expression , the latter is as follows : — With q to 
denote the dynamical value of the time-average of the heat 
generated per unit of time at different mstants of the period, per 
unit breadth and umt length in layer No. from the outside of 
the coil, c® the time-average of the square of the total current per 
umt breadth, ^ the distance from the surface and a the thickness 
of the layer, 



where 


and 


©=: 


€^^ + 2sin2i9-€“^ 
^ 2 cos 20 -{- 


+ 2f(t-l) 


— 2 sin 0 — 

+ 2 cos 0 -f 6”^ 



8, The numerical results shown in the table have been calcu- 
lated, and the accompanymg graphic representation (Fig. 2) drawn 
for me by Mr Magnus Maclean. 
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9. We see from the tables and curves that each curve has a 
mmimum distance from the Ime of abscissas, and that each comes 
to an horizontal asymptote, parallel to the line of abscissas, for 
S = <X) . By looking at the formula we see that there is, in feet, an 
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Table of Values of @ 


16 g 

IT 

1=1 

1 = 2 

1 = 8 

1=4 

1 

6*113 

6‘118 

6-127 

5*141 

2 

2 663 

2’692 

2*669 

2‘786 

4 

1*316 

1634 

2-270 

3-224 

6 

•9864 

1-997 

4*019 

7*063 

8 

•9173 

2*993 

7-143 

13*37 

10 

•9462 

4*062 

10-30 

19*65 

12 

•9822 

4-899 

12*73 

24-48 

14 

1*000 

6'276 

13*83 

26*66 

16 

1*002 

6*362 

14*08 

27*16 

00 


6*000 

13*00 

25*00 


infinite succession of minimums and maximums in the expression 
for 0 ; but it is only the first minimum and following maximum 
that occur within the range of variation of 0, which we regard as 
sensible. In the case of i = 1 the formula gives 0 = Jtt for the 
first minimum. The curves show for the cases of i = 2, 3, 4, 
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respectively the first minimum at — 4^, 3, and 2*6 resp 

tively The thickness which corresponds to ^ = tt is the half-wf 
length of the electric disturbance, which, as we have seen, is 
copper 2 244 centimetres when the frequency of the alternatn 
is 80 periods per second , and for this case, therefore, the thi< 
nesses that give minimum generation of heat in the first, seco 
third, and fourth layers are respectively 11 22, 6 31, 4 21, and 3 
milhmetres. Anything more of continuous copper than thi 
thicknesses in any of the layers would be not merely ineffect 
or comparatively meffective, but would be positively anti-effecti 
Even with so small a thickness as 2*8 millimetres, for copper fi 
frequency 80, line 2 of the table (correspondmg to a sixteenth 
the wave length) shows, in the first, second, third, and fou 
layers, losses of 0*3 per cent, 2 per cent, 5 per cent, and 10 ] 
cent m excess of that due to the true ohmic resistance of i 
copper were it all effective When the size chosen for the tra 
former and the amount of output required of it are such tha 
thickness of 2 ^ millimetres in the direction perpendicular to i 
layers is msufficient, a remedy is to be had by usmg braided w] 
or twisted strand, with slight insulation of varnish or whitewa 
crushed or rolled into rectangular or square form of the desu 
thickness and breadth, A very slight resistance between t 
different wires thus crushed together would suffice to cause 1 
current to run nearly enough full bore to do away with a 
sensible loss from the cause which forms the subject of t 
commumcation. 
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228 On a Method of Determining in Absolute Measure 
THE Magnetic Susceptibility of Diamagnetic and 
Feebly Magnetic Solids. 

[From BnU Jssoc , Beporf , 1890, pp. 746, 746 , Yol xlil Oot 9, 1890, 

p 678; Lum Meo, Yol xxxviii Dec. 27, 1890, p 611 ] 

The communication was suggested from two directions in 
which the subject hod been treated — (1) Professor RbckeFs 
investigations of the magnetic susceptibihty of basaltic rocks, to 
which he was led in the interpretation of the results of the great 
magnetic surveys made by himself in conjunction with Dr Thorpe, 
by which remarkable disturbances due to magnetisation of the 
rocks and mountains were found; (2) Qumcke’s determinations 
of the magnetic susceptibility of liquids. The method proposed 
by the author consisted in measuring the mechanical force experi- 
enced By a properly shaped portion of the substance investigated, 
placed with different parts of it m portions of magnetic field between 
which there was a large difference of the magnetic force. A 
cylindrical or rectangular or prismatic shape, terminated by planes 
perpendicular to its length, was the form chosen; the com- 
ponent magnetic force in the direction of its length was equal to 
(jB* — jK'*) a ; where p denoted the magnetic susceptibility, 
jR, B! the magnetic force in the portions of the field occupied by 
its two ends, and J. the area of its cross-section. For bodies of 
very feeble susceptibility the best arrangement of field was that 
originally adopted by Faraday, and pushed so far recently by 
Professor Ewing, in the way of giving exceedingly intense fields. 
One end of the prism, or plate, or wire was in the air between 
flat ends and conical magnetic portions ; the other might be in a 
place practically out of the field, or, if the portion of the substance 
given were exceedingly small, it might be m the field, but in a 
place of much less force than in the centre of the field. The 
measurement of the magnetic force of the field was easily made 
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by known methods , best by measuring the force experienced 
a short element of wire carrying a measured current. I 
portion of wire should be placed m the positions occupied by 
two ends of the plate or wire of the substance, first in one posit 
and then in the other But when the second position was i 
place of sensibly known force, the single measurement with 
element of the wire m the first position sufficed. 


229 A New Electric Meter. The Multicellular Vo 
METER An Engine-room Voltmeter. An Ampere Gal 
A New Form of Voltapile, useful in Standardis 
Operations 


[From YoL xlii. Sept 26, 1890, p 534, Abstract, Assoo 

Beport , 1890, p 966 [title only] ] 

The subject which first occupied Sir William’s attention ^ 
the new electric meter which he has recently brought ouf. T 
apparatus is yet m the experimental stage. Perhaps Sir Willi 
will be able to do somethmg towards cheapening the design 
example of the meter was shown m operation on the platfo] 
In the discussion which followed, Prof. Fleming made so 
pertinent remarks on the effect of rough and smooth surfac 
The multicellular voltmeter and the engine-room voltme 
described by the author had previously been brought before 1 
public through the medium of techmcal literature A new fo 
of voltapile, also descnbed, was an instrument which was intend 
for standardismg operations 
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230. On Electrostatic Screening by Gratings, Nets, or 
Perforated Sheets op Conducting Material. 

[From Roy Soc Ptoo Vol xlix 1891 [Apnl 9, 1891], pp 406 — 418.] 

1. Maxwell, in his '' Theory of a Grating of Parallel Wires'' 
(Electricity and Magnetism, Arts 203 — 206*, and Plate XIII), 
gives a very valuable and interesting two-dimensional investigation 
of electrostatic screenmg, and a most instructive diagram of “Lines 
of Force near a Grating,” which powerfully helps to understand and 
extend the theoiy, and to acquit it of an accusation wrongly made 
against it m the last two sentences of Art, 206. It is only on the 
supposition of the grate-bars being circular cylinders that the 
investigation is less than rigorous . and that supposition nowhere 
enters into the investigation, it merely appears in the word 
“radius,” m the first Ime of the last sentence but one of Art. 204i, 
and it is contradicted in lines 3 and and by the rest of the 
sentence, and by the next sentence (See § 6 below.) 

2. The conclusion, “ - 0 Ha,” in the last sentence of Art. 

205, condemned as “evidently erroneous,” is quite correct, and 
very interesting It shows that a corrugated metal plate agreeing 
with the equipotential surface c — Ja, exceeds in electrostatic 
capacity a plane metal surface through the poles of the diagram 
(Plate Xni, reproduced in § 9 below), with the surroundings 
described in Art 204, and supplies the datum requisite for finding 
the exact amount of the excess. The reason for the greatness of 
the excess clearly is that the surface o =? -J-a, which just touches 
the plane through the poles of the diagram midway between the 
poles, is everywhere nearer than this plane to the other plate of 
the condenser. (See § 7 below.) 

* In formnla (7) of Art, 204, delete X; in Art. 204, delete 2 in last line of p. 260 
(Edition 1878) ; and delete 2 in lines 6 and 16 from foot of the page. [Of also 
H Lamb, ‘ On the Refleetion and Transmission of Bleotno Waves by a Metallic 
Grating,* Proc. LonA Math. Soc. x%ix, 1898#] 
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3 For c^ajQ we have, by (11) of Art. 205, a = 0, and th( 

corresponding equipotential, partially shown in Maxwell’s diagram 
IS a set of curves concave towards ^ — oo , and asymptotic to th( 

lines = ±l)a,i denoting any integer (See §§ 10 to 13 below 
For every value of c less than a/6, the equipotential is a row o 
ovals, and the grating formed by constructing these ovals in meta 
has less electrostatic capacity in the circumstances described u 
Art 205 than a plane through the poles or the ovals (this beinj 
no doubt what is meant by ''a plane . . ,in the same position” a 
the gratmg). 

4 For every value of c exceeding a/6 the equipotential 
instead of being the boundary of a grating, is a continuou 
corrugated surface, and its electrostatic capacity exceeds that o 
the plane through the poles 

5 Begin now afresh, and let it be required to find the electri 
force in the air on either side of an infinite row of paiallel bar 
at equal consecutive distances, a, each uniformly charged wit 
electricity Let pa be the quantity per unit length on each bai 
so that p would be the surface density, if the same quantity wer 
uniformly distributed over the plane of the bars. Taking 0 l 
one of the bars, OX perpendicular to the bars, and OZ perpen 
dicular to their plane, we find (by Fourier’s method) for the £ 
component of force at any point (wy £) for which z is positive, 

Z— ^irp ( J cos True 4- 6“*^ cos 2mx + &c ) . (1), 

where m = 27r/a (2) 

Summing this we find 

_ g— wz 

^ ^me __ 2 cos mm 4- 

This has equal positive and negative values for equal positiv 
and negative values of and it therefore gives the value of th 
^^-force, not only for positive, but also for negative, values of , 
Taking now — ^Zdz, with constant assigned to make the mtegrt 
zero for = + Z), we find 

pa (log ^ •* *‘(4) 

^ \ o _ 2 cos mm 4- €~^ ) ^ ^ 

tential due to the gratmg, and two parallel planes a 
inces, D, on its two sides, each uniformly electrified wit 
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half the quantity of electricity of opposite sign to that on the 
grating. 


6. If now we construct in metal, (7, any one complete equi- 
potential surface, Fq, of this system, and electrify it with the 
same quantity of electncity as that which we gave originally to 
the infimte row of infinitely thin bars, and if we place metal 
planes, B, B\ at the two places of zero-potential {z = ± B), we 
have an insulated conductor at potential Fo, between two planes, 
B, B\ at zero potential, and at distance 2D asunder, on each of 
which the electric density is Jp For brevity, I shall denote the 
insulated conductor by I 

Its electrostatic capacity per unit area of its medial plane (the 
plane of the original infinitely thin bars) is pjV^ 

7. This conductor,/, is symmetrical on each side of its medial 
plane, and consists either of an infimte number of isolated parallel 
bars, each surrounding one of the original infinitely thm bars, or 
of a plate symmetrically corrugated on its two sides, with maximum 
and minimum thicknesses respectively at the places of the infinitely 
thin bars, and the lines midway between them For the case of 
isolated bars, let 2c be the diameter of each, in the medial plane 
Then, to find Fo, we must put x=±o and £r = 0, m (4) Thus 
we find 


Fo = / 


27 rD ~ a log 



,( 6 ). 


Hence the electrostatic capacity of I m the circumstances is 


|27ri) — a log ^4 sin^—jl (6), 

which IB greater or less than l/(27rjD), the electrostatic capacity 
that it would have if reduced to its medial plane, accordmg as 
c> or < ^a. The conductor /, to be a grating, implies c < or 
sin^ TTcja < 1, and therefore requires that 


Fo > 27rp ^ = ^TTp ( D — *22a) (7). 


When Fo exceeds this critical value, the conductor I is the 
continuous plate corrugated on each side, which was described in 
§ 7. The critical value corresponds to an intermediate case of a 
plate so deeply furrowed on each side as to be just cut through 
by its two surfeces crossing at right angles ; and (7) shows that 
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the electrostatic capacity of the conductor I so constituted is equa 
to that of a plane sheet of thickness 

2a log [2^]/(27r), or *44a (8), 

insulated midway between the two earth plates B,B', at the sarai 
distance asunder as they had with I between them. 

8 By (4), (5), and (7), we have for the equation of the surfac 
constituting the two sides of J in this critical case, 

~ 2 cos mx 4* = 4 (9). 

Taking double the positive value of z which this gives whe 
a? = 0, we find 

2alog[(l + V 2 )“]/( 27 -), or *662a .... (10) 

as the maximum thickness of I This is log(l + V2)Vlog 2®, o 
1273, times the amount shown in (8) for the thickness of th 
plane-sided plate of equal electrostatic capacity, which is just sucl 
a relation as is expected before calculation I 

9 If ^ {z, x) denote what V becomes when m place of ml 
we substitute — mz in (4), we have the potential due to a uniforr 



electrical force pain, or ^irp, added to the i^-component, of the fore 
due to the grating with its given charge of pa quantity per um 
length of each bar , and it is the equipotentials and linos of fore 
of this system that are represented in Maxwell's diagram of Plat 
Xin, reproduced here. In it the resultant force for infinitel 
large positive values of z is parallel to OZ, and of constant valu 
47rp , and it is zero for infinitely largo negative values of z, Th 
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approximation to these values is very close, at only so moderate a 
distance as a on either side of the gratmg. 

10 Choosing, m the system of § 6, any one of the multiple- 
oval equipotentials around the infimtely thin bars, let c be the 
distance from the infimtely thm primary bar within it, at which 
it IS cut by the plane of the pnmary bars By putting, in the 
expression for <p {z, x), ^ == 0, and ^ = c, we find 

^ (0, o) = pa log ^4} (11) 

as the potential at the surface of each of these chosen ovals. 
Construct now each of these ovals in metal, and let the supposed 
uniform force, 27 rp, be produced by uniform electnfiication of 
density — p, on a metal plane, B, at any gi^eat distance, &, on the 
positive side of the gratmg. We thus construct a grating of 
thick bars of oval-shaped cross section which, when electrified 
with the same quantity of electricity as that which we gave 
initially to the mfinitely thin bars, and subjected to the influence 
of the equal quantity of negative electricity on has ^ (£r, x) for 
potential through external space from B(z = 6), to infinite distance 
on the other side of the gratmg — oo ), and has for potential 
through all the portions of space within the surfaces of the grate- 
bars the constant value expressed by (11), In this system the 
potential, for positive values of z great in comparison with a, is, 
by (4) with — mz instead of -f ml)^ 

0 (^, ^) == — 47rp^ (12). 

The difference of potentials between B and the gratmg is, by (6) 
and (5), 

4 , (0, o)-<f> (b, a:)hi 7 rp^b + ^ log (^4 sin’") • -.(IS). 

Hence the electrostatic capacity of the mutually insulated system, 
B, and the gratmg of oval-shaped bars is equal to the capacity 
of a pair of parallel planes, B and a plane at a distance beyond 
the plane of the primitive infinitely thin bars equal to 

-^log(4sin«^") ' (14). 

11. If in (4) we put —nm in place of -|- mD, we have the 
potential of a system m which besides the electncity of the 
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primary bars there is distant electricity such as all in all to give 
at great enough distances on the two sides of the primitive bars 
uniform fields of ^-force respectively equal to 

p (m + n), for £? = + 00 , and p(m — n), for ^ - oo ...(16). 

If, in (4) with — nz instead of + mD, we put 

^^Vipa^C ^ 10 )^ 

we find, as the equation of the equipotential surfaces, 

- 2 cos Tmr + = Ge^ (17) 

By tiakmg tz = 0, or n = m, we fall back on the cases of ^ 6 — 8, 
and ^ 9, 10, respectively. 

12 To find an approximate equation for the equipotenfcials 
at distances around primitive bars small in companson with a, 
the distance from bar to bar, let x and z be so small that we may 
neglect all powers of mx, mz, and nz, above the square, which 
implies that 0 is small of the same order as (mxy and (mzy, (17) 
becomes 

<“)• 

where denotes wr^G. This shows that, to the degree of 
approximation m which we neglect cubes and higher powers of 
mx, mz, nz, the equipotential is a row of elliptic cylinders of 
eccentricity nrl\/2, with their greater diametral planes perpen- 
dicular to the plane of the primitive bars. When 7z = 0, the 
equipotential is a row of circular cylinders having the pnmitive 
bars for their axes , and this is true to the higher approximation 
in which we need only neglect powers above the cubes of mx and 
mz, as we see by going back to equation (17), with ?z== 0 

13. The conclusions of § 12 are useful for detailed investiga- 
tion of the screening effect of plane gratings of circular or elliptic, 
straight parallel bars electrified with given quantities of electricity 
and placed with their planes perpendicular to the lines of force 
in a uniform field of force, and to corresponding problems m which 

.potentials are given, as in Maxwell’s §§ 203 — 205 

14. Instead of a single row of parallel equidistant infinitely 
thin bars in one plane, let us take for primitives two or more 
such rows, parallel or not parallel, all in one plane or not m one 
plane We may thus form an endless variety of force-systems 
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available for xllufltrating or helping to solve problems which may 
occur Towards the several problems of electric screening we find 
important contributions by considering in two parallel planes rows 
of pnmitive lines parallel to one another for one case and perpen- 
dicular to one another for another case. The consideration of 
three rows of primitive lines in one plane, dividing it into equal 
and similar tnangles alternately oriented in opposite directions, 
leads to a complete theory of electrostatic screening by a tri- 
angular lattice of metallic wire or ribbon The fundamental 
potential formula for this system obtained by summation of 
expressions, each given by an application of (4) to one of the 
three rows, is 

— log — 2 cos Ip + — 2 cos mq + 

— 2 cos nr -H + 27r (-cr -f p 4* cr) i) ,(19) , 

where a, 6, o denote the intervals between the successive lines of 
the three systems, 'ora, pi, ac, the quantities of electricity per 
umt length of bar in the three systems, jii, r, z, special co- 
ordmates of the point for which (19) expresses the potential, viz, 
js, its distance from the plane of the primitive bars, and p, q, r its 
distances from three planes drawn perpendicular to this plane 
through a bar of each of the three systems , D the value of ± ^ 
for planes on the two sides of the net for which the potential is 
zero , and, lastly, 

l^2irja, m — n — ^Trjc (20). 

For the present, however, we may confine ourselves to the case of 
two rows of pnmitive lines dividing a plane into squares and 
charged, both rows, with equal quantities, of electncity per 
unit length The potential formula, a particular case of (19), is 

V \pa [— log (e”^ — 2 cos mx q- — 2 cos my -i- e“^*) 4 2mZ)] 

( 21 ). 

16. The consideration of the equipotentials of this surface is 
very mteresting. The equipotential lines in the plane of the 
primitive bars are given by the equation 

16 ^sin^sin^j = e-ar/pa+2mn^ ,..(22), 

16. Considerations quite analogous to those of §§ 6, 7, 8, and 
again the other considerations analogous to those of ^ 9 — 13, are, 
after the full explanations there given, easily completed so as to 
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formulate a full theory of electrostatic capacity and electrostatic 
screening for square nets of wire exposed to electric action giving 
uniform fields of force at distances on each or on one side of the 
plane of the net considerable in comparison with a, the side of 
each square 

17 In what follows we shall for brevity call any thin sheet, 
whether plane or not plane, which answers to the description 
contamed in the title of this paper, perforated sheet or di perforated 
surface , understanding that its radii of curvature are everywhere 
large in comparison with its thickness The diameters of holes 
must be large in comparison with the thickness in order that the 
approximations which we use below may be valid We shall call 
the electric density of a peiforated sheet the total quantity of 
electncity with which it is electrified, reckoned per unit area of 
continuous surface approximately agreemg with it, and passmg 
through the middle of cage bars, bosses, &c This continuous 
surface I shall call the medial surface, or sometimes, for brevity, 
the medial. 

18 In what precedes we have virtually a complete investiga- 
tion of the screening effect of a homogeneous plane perforated 
sheet agamst the electric force of a uniform field with Imes of 
force perpendicular to the plane Let it now be required to find 
the screemng effect of a non-plane perforated sheet agamst a 
uniform field of electrostatic force, and of a perforated sheet S, 
plane or not plane, against the electrostatic force of any given 
electrified bodies. 

19 Let <f> be the potential of the given electrified bodies at 
any point (^r, y, z) of the space occupied by S, and let p be the 
unknown electric density of S at (a?, y, under the mfluence of 
those bodies To make the problem of finding p determinate, we 
might suppose either the total quantity of electricity on S, or the 
potential at which its metal is kept, to be given We shall take 
the latter supposition, and call the given potential K, 

20. Let (f) denote the potential which would be produced by 
the electricity of S if it were spread continuously over the medial 
with electric density equal to p at (^, y, z ) , and let 

0 + /ap (23) 

denote the potential m the metal of 8, due to the actual distribu- 
tion of electricity on its surface 
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21. To understand the meaning of this notation (/a), consider 
a large area A around (w, y, so large that its border is very 
distant from y, 2 ) in comparison with the thickness of the 
sheet, and with the diameters of its apertures, but not so large as 
to deviate sensibly from the tangent plane at {x, y, 2 ) Let the 
electricity of all the surface of 8 beyond A be changed from the 
imagined continuous distribution to the actual distribution on 
the surface of the perforated metal This change will make no 
sensible difference m the potential at {x, y, 2 ) Next, let the 
imagined continuous distribution of uniform electric density 
over the contmuous area A, be changed to the actual distiibutxon 
of the same quantity over the surface of the perforated metal of 
the porous sheet A. The augmentation of potential at (x, y, 2 ) 
produced by this charge is what we denote by yp, where y. is a 
coefficient dependmg on the shapes and magnitudes of the 
perforations, that is to say, on the complex surface of the 
perforated metal It would be zero if there were no perforations, 
ind we shall see that the gi eater it is the less is the screening 
efficiency We shall therefore call the electric permeability^ 
ind the electric screemng efficiency of the perforated sheet. 
The sheet is homogeneous as to permeability or screening 
3 fficiency if fx has the same value for all parts of it, but we need 
lot assume this to be the case , on the contrary, we shall suppose 
I to be any known function of (x, y, 2 ) In §§ 5 — 16 we have the 
ixplanations necessary for determining fi m the various cases of 
gratings and nets there described For similarly perforated 
lurfaces, the values of fx are as the linear dimensions of a perfora- 
lon or of the bars or bosses of the structures 
22. The equation of electric equilibrium is 

= if (a constant) . (24), 

/"hen 8j being insulated and electrified, is not under the influence 
f any other electrified matter 
It IS 

= (2d), 

hen >S IS under the influence of any given electnfied bodies pro- 
ucing a given potential, F, at {x, y, 2 ) 

23 As a first example, gomg back to (24), let ix be such that 
sha'l be constant. This makes, if we denote by i a constant, 

fJL = * 
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(yfc being a constant), which means that the screening eflSciency 
m different places of S, inversely proportional to the elect 
density at similarly situated places of a contmuous electnf 
conductor of the same shape as S, Let, for instance, S be 
ellipsoid, then, if the sizes of the peiforations be inversely p 
portional to the perpendicular from the centre to the tang^ 
plane, (26) is satisfied Generally, to fulfil this condition, 
net must be finer in the more convex and more projectmg pa 
and coarser in the flatter and less projecting parts. 

24 If any perforated conductor or cage, >S, fulfilling 
condition of § 23, be electrified and insulated away fiom 
disturbing mfluence of other conductois, or electrified bodies, 
charge distributes itself so as to Iiave in every part the sa 
quantity per umt area of the medial, as a smooth continn 
metallic surface agreeing with the medial and electrified with 
same total quantity When the medial is a closed surface, 
electricity on the perforated surface does not confine itself to 
parts of it outside the medial on the contraiy, when the aperti 
are very wide m comparison with diameters of cage-bars, bog 
&c , the electricity distributes itself almost equally on the p 
of the complex surface inside and outside the medial, 

25 Seemg that the electric density (as defined in § 17 
the same for a perforated surface fulfilling the condition of ^ 
as for the medial constructed in continuous metal, we natui 
ask the question, what then is the difference between the 
cases, if any, besides the fact of the electricity being equally 
very unequably distributed over the outer and inner portion 
the complex surface in one case, and equably over the outsid 
the smooth medial in the other ? There is a very important 
mteresting difference. The electrostatic capacity of the perfor 
conductor, S, is less, m the ratio of 1 to 1+^, than that of the m( 
constructed in contmuous metal , as we see by (23) and (26) 

26. As a sub-example, suppose /S to be a spherical sur 
If homogeneously perforated, it will fulfil the condition of § 
and if its screening efficiency is the same as that of a gratm 
parallel bars (circular cross section of diameter 2r j distance 
centre to centre a), we have, by (5) of § 7, when m/a is 
small. 


/i- = 2a log {ajim) 


( 2 - 
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Now, S being spheiical, if It denotes its radius, we have 

(§ 20 ) 

(f> = 47riJp . . (28) 

Hence, by (26) and (27), 


, a 1 a 1 , a 
* ~ ^ ^0 ~ 27rc 


. . ( 29 ), 


where N denotes the niunber of bars in the equatorial belt of the 
cage of§ 27 below, 

27 To illustrate a realisation of § 26, let a spherical cage be 
made up of a narrow equatoiial belt of approximately straight 
parallel bars of diameter 2c, and distance from middle of one bar 
to middle of next, a, completed by polar caps (nearly hemispheres) 
of thin metal perforated so as to have everywhere the same 
effective electric screening efficiency {2alog(a/27rc)}“h 

Suppose, for instance, the bam to be of No. 18 gauge 
(2c = 0'122 cm.) and a = 5cm, We have 

log (a/27rc) = log 13 = 2*57. 

Hence, for this case, and any other in which the ratio a/c is the 
same, we have, by (27) and (29), 

^ = 5 14a, k == O^majR (30), (31). 

Thus, if a = 6 cm, and jR — SO cm., A = 0*0409 — ^, and 
(§ 25) the electrostatic capacity of the sphencal cage is ^ of that 
of a simply continuous spherical surface of the same magnitude, 

‘28. Let now^an electrified metal globe, or globe of insulating 
material uniformly electrified, 6r, be insulated concentrically 
within 8, It may be of any magnitude, large or small, provided 
only that the interval between the two surfaces be at least two 
or three times the diameter of the largest of the perforations of 8. 
Let 8 be connected with the earth, and let Q denote the quantity 
of (positive) electricity with which G is electrified, and Q' the 
quantity of the opposite electricity which it induces on 8. The 
potential in the metal of 8 due to Q' is, by (23), 



This, added to Q/R, the potential due to G, must be zero, and 


therefore 

Q-Q'(H-/i/47ri?) (33), 

or, by (26), Q- Q'(l + A;) (34). 


33—2 
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Hence, in the particular case of § 27 (31), 

Q = Q' (1 + 0 409a/ii) (3; 

and when R = 10a, we find Q-Q' = ^Q, and conclude tha 
effect of S, earthed, with Q electrified and insulated within 
just 4 per cent of the effect of unscreened 

29 If S IS connected with the earth, and supported 
height above the earth equal to at leaet six or eight tim( 
diameter, the quantity of electricity (positive in fine wea 
induced on it will be 1/(1 + *) of that which would be me 
on a simply continuous metal globe of the same size Henc 
potential at any point of the air within iS at not less dis 
inwards than 2a will be A;/(l +A) of the undisturbed atmosp 
potential at the same height above the ground, or 4 per cei 
our particular case This is quite m accordance with the 
perfectness of the screening effect against atmospheric elect) 
found hy Eoiti* within earthed wire cages, supported 
considerable height above the ground, by a bracket attach) 
the top of a wall of a building in Florence, tested hy a w 
dropper with its nozzle inside the cage connected by an insu 
wire with a quadrant electrometer in the buildings 

30 The problem of finding the distribution of electricil 
a spherical cage, of equal electric permeability, fi, m all pai 
its surface, formulated m (26) of § 22, is easily solved hy a 
sphencal harmonics. Confining ourselves for brevity to the 
of external influencmg bodies, let their potential at any poir 
within 8 be 

V=-t8,ryR . , ..(3 

where St denotes a given spherical surface-harmonic of ore 
and r the distance of P from the centre of 8. And p,, deu' 
an unknown surface-harmomo of order i, let 


p = 2p. 


be the harmonic expression for p, the required electric doi 
Going back to § 20 for the definition of 0, find, by the elen 
of sphencal harmonics, 


^ 4i7rp^ r 




* “ Osservazioni Continue della Elettriciti Atmosferioa ” (Pubhlicazxo 
H, Istituto di Studx Superior! tn Firenze)^ Florence, 1884. 
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Hence, by (25), 


Po== 


4)7rK + /x ’ 


(2* + l),Sf4 
ivli I 


1 + 


(2l + 1 ) fjL 

4i'jrK 


and 




(39), (40), 
, ..(41) 


In (39) we have virtually the same result as in (33) The 
approximation on which we are founding in §§‘17 — 29 is valid 
in (40) and (41) only for values of i small in comparison ^TvRja , 
hut, as in virtue of greatness of the logarithm for the case formu- 
lated in (27), fjb may be great m comparison with a, and therefore 
the denominator of (40) need not be only infinitesimally greater 
than unity, and may be any numeric however great. 


31 Taking SiV — x, 3^j==0, we see by (41) that if 

an insulated unelectrified spherical cage be brought into a uniform 
field of electric force, X (that of atmospheric electricity, for 
example, at any height above the ground exceeding five or six 
diameters of the cage), the force within the cage is 





.(42), 


or, according to (27), and (29), 


This result is also applicable to a hemispherical screen of 
radius i?, simply placed on the ground. For the particular 
proportions of § 27, it makes the force under the hemispherical 
cage ^ of the undisturbed force outside. A cage of ordinary 
gardener’s (anti-rabbit) hexagonal wire-net (of 6| cm. from parallel 
to parallel) cannot be very different from this If, instead of the 
radius being 50 cm. it be 200, but the cage still of the same net, 
the force inside would be only 3 per cent, of the undisturbed force 
outside 


32. In every case the force at any distance from the perforated 
surface, on either side of it, more than the diameter of a perforation, 
is, as 18 easily proved by Fourier's methods, very nearly the same 
as if the electncity were spread equably over the medial surface, 
with the same quantity per unit area of the medial as the grating 
has m each part of it. Hence, in the case of § 31, the force is 
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uniform throughout the interior of the cage, except within distances 
from the net of two or three times the aperture. Hence a second 
screen, similar but slightly smaller, placed inside the fiist will 
reduce the force farther in the same ratio, so that, if eX deiKite 
the force inside the single screen, the force inside the inner scieen 
when there aie two will be provided the distance between 
the two IS nowhere less than the diameter of the perforatnni. 
Thus, with screens such as those in the last particulai case of 
§ 31, the force inside the inner screen would be only 9/10,000 of 
the undisturbed force far enough outside the outei. The two 
screens, if placed close together, so as to narrow the apertures 
as much as possible, would have little more than double the 
screening efficiency of either singly, as we may judge from (27) 
of § 26, and from (21) of § 14 The principle that, to diij^licati^ a 
screen with best advantage, the two screens should be placed, not 
in one surface but in two, with not less distance between them 
than the diameter of their apertures, is not only thcoietieally 
interesting, but is of great piactical importance m the scrrcming 
of electrometers against disturbing electric force 

33. Questions analogous to those of §§ 26 —32, but fur circular 
cylmdnc (mouse-mill) cages of equidistant parallel bars, msit^ad of 
the spherical or hemispherical cage which we have been consid(‘ring, 
are readily answered by the simpler work corresponding to that of 
§ 30 (with sln^^ and cosi^ instead of spherical harmonics') But 
it deserves more complete synthetic investigation, not limitcal by 
the approximational conditions of §§ 21, 22, if for no othei nMison, 
because of Hertz’s mouse-mill This must, however, be resorvtal 
for a future communication Meantime, it is worth saying that 
sudden variations of elcctiic current, or alternating electric curuuits, 
distribute themselves between different straight paralkd (‘on- 
ductors m the same proportion as static electiification is distnbuttal 
in cori’esponding electrostatic arrangements, whenever the siuldmi- 
ness, or the frequency, is sufficient to cause the impedance by 
mutual induction of the separate parallel conductors (and there- 
fore, a fortify the impedance by sclf-induction of each) to be 
very large in comparison with ohmic lesistance Hence Heitz’s 
mouse-mill screening follows (though by utteily different physu^al 
action), simply the electrostatic law, excejit m any case in which 
his wave-length is less than a considerable multiple of the diameter 
of his mouse-mill. 
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231 . Electric and Magnetic Screening 


[From Roy Imt Proo Yol xiir 1893 [April 10, 1891], pp 346—355 ] 

There are five kinds of screening against electric and magnetic 
influences, which are quite distinct in our primary knowledge of 
them, but which must all be seen in connected relation with one 
another when we know moie of electricity than we know at 
present — I. Electrostatic screening; II. Magnetostatic screen- 
ing. III. Variational screening against electromotive force, 
IV Variational screening against magnetomotive force; V. 
Fire-screens and window-blmda or shutters 

I 

Electrostatic screening is of fundamental significance through- 
out electric theory. It havS also an important place in the history 
of Natuial Philosophy, inasmuch as consideration of it led Faraday 
from Snow Harris’s crudely approximate but most interestmgly 
suggestive doctnne of non-influence of unopposed parts and action 
in parallel straight Imes between the mutually visible parts of 
mutually attracting conductors, to hia own splendid theory of 
inductive attraction transmitted along curved lines of force by 
specific action in and of the medium intervening between the 
conductors. 

A continuous metallic surface completely separating enclosed 
air from the air surrounding it acts as a perfect screen against all 
electrostatic influence between electrified bodies in the portions 
of air so separated This proposition, which had been established 
as a theorem of the mathematical theory of electricity by Green, 
m the ninth article of his now celebrated essay*, was admirably 
illustrated by Faraday, by the observations which he made inside 


See pp. 14 and 48 of the reprint edited by Ferrei’s. 
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tTie wooden cube covered all around with wire netting and bands 
of tinfoil, which he insulated within this lecture-room* ‘'I went 
into the cube and lived in it, and, using lighted candles, electro- 
meters, and all other tests of electncal states, I could not find the 
least influence upon them, or indication of anything particiilai 
given by them, though all the time the outside of the cube was 
powei fully charged, and laige sparks and brushes were darting oft 
from every point of its outer surface ” 

The doctrine of electric images is slightly alluded to, and an 
illustrative experiment performed, showing the fixing of an electric 
image. The electroscope used for fche experiments is an electrified 
pith ball, suspended by a vamisbed double-silk fibie of about 9 or 


Eig 1 





0 
0 — 


Fig 2 


Fig 3 




Fig 4 

10 feet long Figs 1 — 4 represent experimental illustrations, m 
which the pith hall, positively electrified, experiences a force due 
to electrified bodies, optically screened from it by a thm sheet of 
tm-plate In Figs. 1 and 2 the pith ball is attracted round a 
comer by a stick of rubbed seahng-wax, and in Figs 3 and 4 

• Erpenmental Researches, 1173—1174 
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ropollcd I'ound a comer by a stick of nibbed glass In Fig 2 the 
sealing-wax seenis to repel the pith ball, and in Fig 4 rubbed 
glass fieems to attract it This experiment constituted a very 
palpable illustration of Faraday’s induction m curved lines of 
force. 

In the present lecture some experimental illustrations were 
giv<m of olect.rostatic scieeinng by incomplete plane sheets and 
ciurv(Hl surfaces of continuous metal, and of imperfectly conducting 
mai.erial, such as paper, slate, wood, and a sheet of vulcanite, 
moist 01 dry, window glass at oidmary temperatures in air of 
ordinary moisture, and by perforated metal screens and screens of 
iK'twork, or gratings of parallel bars 

Idle fixing of an electric image is shown m two experiments 
(1) the image of a stick of sealing- wax in a thin plane sheet of 
vulcanite*, moistened, warmed, and dried under the electric influence 
by the application and removal of a spirit-lamp flame; (2) the 
glass jar of a (juadmiit electrometer with a nibbed stick of sealing- 
wax held projecting into it, while the outer surface is moistened, 
wanne<l, and dried by the application and removal of a ring of 
flame produced by cotton wick wrapped on an iron rmg and 
moistened in alcohol. 

Fig. 5 is copied from a diagram of Clerk Maxwell’s to illustrate 
Hcroomng by a plane grating of parallel bars of approximately 
circular cross section, with distance from centre to centre twelve 
tim<‘s the diameter of each bar*. It represents the lines of force 
due to equal quantities of opposite electricities on the grating 
itself, and a parallel plane of continuous metal (not shown m the 
diagram) at a distance from the grating of not less than one and 
a half times the distance from bar to bar The shading shows 
the lines of force for the same circumstances, but with oval bars 
inHtea<l of the small circular bars of Maxwell’s grating It is 
interesting to see how every line of force ends m a bar of the 
grating, none straying to an infinite distance beyond it, which is 
necessarily the case when the quantities of electricity on the 
grating and on the continuous plane are equal and opposite If 
an insulated electrified body, with electricity of the same name 
aa that of the grating, for example, is brought up from below, 

* KUctrlcity and MagnetUm, Vol r Art. 208, Plate xixi. [The diagram is on 
p* fi08 iwprad 
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it expenences no electric foice differing sensibly fiom that ■\vhic] 
would be produced by its own inductive effect on the giating, til 
it IS within a less distance from the grating than the distanc 
frotn bar to bar, when it expenences repulsion oi attractioi 
accordmg as it is under a bar of the grating or under the middl 
of a space between two bars. If there be a parallel metal plai 
below the grating, kept at the same potential as the grating, 
takes no sensible proportion of the electricity from the giatin 
and expenences no sensible force when its distance from tl 
grnting exceeds a limit depending on the ratio of the diamet 
of each bar to the distance from bar to bar The niatliematic 
theory of this action was partially given by Maxwell^, a 
yesterday I communicated an extension of it to the iloj 


II 

Magnetostatic screening by soft iron would follow the sa 
law as electrostatic screening, if the magnetic susceptibility 



Fig 6 


the iron were infimtely great It is not great enough to < 
approximately fulfil this condition m any practical case, 
nearest approach to fulfilment is presented when we have a t 
iron shell completely enclosmg a hollow space, but the thick 

* Arts 203— 2D 5 
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must be a considerable proportion of the smallest diameter, not 
less than perhaps, for iron of ordinary magnetic susceptibility 
to produce so much of screening effect that the magnetic force in 
the interior should be anything less than 5 per cent, of the force 
at a distance outside, when the shell is placed in a uniform 
magnetic field. The accompanying diagram. Fig 6, representmo* 
the conning-tower of HMS ^ Orlando j and the position of the 
compass within it, has been kindly sent to me by Captain Creak, 
R N., for this lecture, by permission of the Controller of the Navy. 
It gives an interesting illustration of magnetic sereemng effect 
by the case of a belt of iron, 1 foot thick, 6 feet high, and 10 feet 
in internal diameter, with roof and floor of comparatively thm 
iron. Captain Creak informs me that the average horizontal 
component of the magnetic directing force on the compass m the 
centre of this conning-tower is only about one-fifth of that of the 
undisturbed terrestrial magnetism. 

An e\il practice, against which careful theoretical and practical 
warnings were published two or three years ago* and which is 
now nearly, though, I beheve, not at this moment quite thoroughly, 
stopped, of what is called single wiring in the electric lighting of 
ships, has been fallaciously defended by various bad reasons, among 
them an erroneous argument that the ship’s iron produced a 
sufficient screening effect agamst disturbance of the ship’s com- 
passes, by the electric light currents, when that plan of wirmg is 
adopted. The argument would be good for a ship 50 feet broad 
and 30 feet deep, if the deck and hull were of iron 3 feet thick. 
As it is, mathematical calculation shows that the screening effect 
is quite small m comparison with what the disturbance of the 
compass would be if the ship and her decks were all of wood. 
Actual observation, on ships electrically lighted on the single 
wire system by some of the best electrical engineers in the world 
has shown, in many cases, disturbance of the compass of from 
3 degrees to 7 degrees, produced by throwing off and on the 
groups of lights in various parts of the ship, which are thrown on 
and off habitually in the evenings and nights, in ordinary and 
necessary practice of sea-going passenger ships. When the facts 
become known to shipowners, single ivinng will never again be 
admitted at sea unless the alternatmg current system of electric 
lighting IS again adopted But, although this system was largely 
* See The EUctrician, Yol, xxm p. 87 [eupra, p 474} 
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used when electric lighting was firat introduced into ships, t 
economy and other advantages of the direct-current system are 
great that no one would think of using the alternate system 
the trivial economy, if any economy there %s, in the single wi 
as compared with the double insulated \Mre system 

An interesting illustiation of a case m which non, of 8 
thickness, however great, produces no screening effect on 
electric current, steady oi alternating, is shown by the accompai 
mg diagram [omitted], which represents m section an eleci 
cinrent along the axis of a circular iron tube, completely s 
rounding it Whether the tube be long or short, it exercises 
screening effect whatever A single circular iron ring, suppoi 
m the air, with its plane perpendicular to the length of a strai 
conductor conveying an electiic current, produces absolutely 
disturbance of the circular endless lines of magnetic force wt 
feiuTound the wire , neither does any piece of iron, wholly boun 
by a surface of revolution, with a straight conductor convej 
electricity along its axis^ 

A screen of imperfectly conducting material is as thorougl 
its action, when time enough is allowed it, as is a similar sci 
of metal But if it be tried against rapidly varying electrost 
force, its action lags. On account of this lagging, it is easily e 
that the screening effect against periodic variations of elec 
static force will be less and less, the greater the frequency of 
variation. This is readily illustrated by means of various fo 
of idiostatic electrometers Thus, for example, a piece of p 5 
supported on metal m metallic communication with the mov 
disc of an attracted disc electrometer annuls the attraction 
renders it quite insensible) a few seconds of time after a differ- 
of potential is established and kept constant between the attra 
disc and the opposed metal plate, if the paper and the air 
loundmg it are in the ordmary hygrometric conditions of 
climate. But if the instrument is applied to measure a raj 
alternating difference of potential, with equal differences on 
two sides of zero, it gives very little less than the same ave 
force as that found when the paper is removed and all c 
circumstances kept the same Probably, with ordmary ( 

♦ [The ramaiiid^r of this Lecture appears also m Proc Hoy Soc, Yol 
April 9, 1891* from which it is reprinted in HoltnnoTe Lectures^ Appenc 
pp 681— 7-] 
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white paper in ordmaiy hygroinetric conditions, a frequency of 
alternation of from 50 to 100 per second will more than sufiBce to 
render the screening influence of the paper insensible And a 
much less frequency will suffice if the atmosphere surrounding 
the paper is aitificially dried Up to a frequency of millions per 
second, we may safely say that, the greater the fiequency, the 
more perfect is the annulment of screening by the paper, and 
this statement holds also if the paper be thoroughly blackened 
on both sides with ink, although possibly in this condition a 
greater fi'equency than 50 to 100 per second might be required 
for practical annulment of the screening. 

Now, suppose, instead of attractive force between the two 
bodies separated by the screen, as our test of electrification, that 
we have as test a faint spark, after the manner of Hertz. Lot 
two well insulated metal balls, A, 5, be placed very nearly in 
contact, and two much larger balls, E, F, placed beside them, 
with the shortest distance between E, F sufficient to prevent 
sparking, and with the lines joining the centres of the two pairs 
parallel Let a rapidly alternating difference of potential ho 
produced between E and F, varying, not abruptly, but according, 
we may suppose, to the simple harmonic law Two sparks in 
every period will be observed between A and B. The interposition 
of a large paper screen between E, F, on one side, and A, B, 
on the other, in ordinary hygrometric conditions, will absolutely 
stop these sparks, if the frequency be less than, perhaps, 4 or 5 
per second. With a frequency of 50 or more, a clean white paper 
screen will make no perceptible difference If the paper be 
thoroughly blackened with ink on both sides, a frequency of 
something more than 50 per second may be necessary; but some 
moderate frequency of a few hundreds per second will, no doubt, 
suffice to practically annul the effect of the interposition of the 
screen With frequencies up to lOQO million per second, as in 
some of Hertz’s experiments, screens such as our blackened paper 
are still perfectly transparent, but if we raise the frequency to 
600 million million, the influence to be transmitted is hght, and 
the blackened paper becomes an almost perfect screen. 

Screening against a varying magnetic force follows an opposite 
law to screening against varying electrostatic force. For the 
present I pass over the case of iron and other bodies possessing 
magnetic susceptibility, and consider only materials devoid of 



526 


ELECTRODYNAMICS 


[231 


magnetic susceptibility, but possessing more oi less of electric 
conducbivity However perfect the electric conductivity of the 
screen may be, it has no screening eflSciency against a steady 
magnetic force. But if the magnetic force vanes, currents are 
induced m the material of the screen which tend to dimimsh the 
magnetic force m the air on the remote side from the varying 
magnet. For simplicity, we shall suppose the variations to follow 
the simple harmonic law The greater the electric conductivity 
of the material, the greater is the screening effect for the same 
frequency of alternation , and, the greater the frequency, the 
greater is the screening effect for the same -mateiial If the 
screen be of copper, of specific lesistance 1640 sq. cm. per second 
(or electric diffusivity 130 sq cm per second), and with frequency 
80 per second, what I have called the ‘*mhoic effective thickness’’* 
IS 0 71 of a cm , and the range of cuirent intensity at depth 
R X 0 71 cm. from the surface of the screen next the exciting 
magnet is of its value at the surface 

Thus (as = 20 09) the range of current intensity at depth 
2 13 cm 13 of its surface value. Hence we may expect that a 
sufiBciently large plate of copper of 2^ cm thick will be a little 
less than perfect in its screening action against an alternating 
magnetic force of frequency 80 per second. 

Lord Rayleigh, in his ^'Acoustical Observations,” *f after referring 
to Maxwell’s statement, that a perfectly conducting sheet acts as 
a barrier to magnetic foicej, describes an experiment in which 
the interposition of a large and stout plate of copper between two 
coils renders inaudible a sound which, without the copper screen, 
IS heard by a telephone m circuit with one of the coils excited by 
electromagnetic induction from the other coil, in which an inter- 
mittent current, with sudden, shaip variations of stiength, is 
produced by a “microphone clock” and a voltaic battery. Larmor, 
in his paper on “Electromagnetic Induction in Conductmg Sheets 
and Solid Bodies ”§ makes the folio wmg very interesting state- 
ment — “ If we have a sheet of conductmg matter in the neigh- 
bourhood of a magnetic system, the effect of a disturbance of that 
system will be to induce currents m the sheet of such kind as 

* Collected Papers, Yol. in Art cu § 35 
t Phil Mag 1882, first half-year 
X Electricity and Magnetisnii § 665 
§ Phil Mag 1884, first half-year 
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will tend to prevent any change in the conformation of the tubes 
[lines] of foice cutting thiough the sheet. This follows from 
Lenz’s law, which itself has been shown by Helmholtz and Thomson 
to be a direct consequence of the conservation of energy But if 
the anangement of the tubes [lines of force] in the conductor is 
unaltered, the field on the other side of the conductor into which 
they pass (supposed isolated fiom the outside spaces by the 
conductor) \yill be unaltered Hence, if the disturbance is of an 
alternating character, with a period small enough to make it go 
through a cycle of changes before the currents decay sensibly, we 
shall have the conductor acting as a screen. 

‘^Further, we shall also find, on the same principle, that a 
rapidly rotating conductor sheet screens the space inside it from 
all magnetic action which is not symmetrical round the axis of 
lotation’' ‘ 

Mr Willoughby Smith’s experiments on Volta-electiic induc- 
tion,” which he described in his inaugural address to the Society 
of Telegraph Engineers of November 1883, afforded good illus- 
tration of this kmd of action with copper, zinc, tin, and lead, 
screens, and with diffeient degrees of frequency of alternation. 
His results with iron aie also very interesting they showed, as 
might be expected, comparatively little augmentation of screening 
elfect with augmentation of fi’equency. This is just what is to be 
expected from the fact that a broad enough and long enough iron 
plate exercises a large magneto-static screening influence ; which 
with a thick enough plate, will be so neaidy complete that com- 
paratively little IS left for augmentation of the screening influence 
by alternations of greater and greater frequency. 

A copper shell closed around an alternating magnet produces 
a screening effect which on the principle stated above we may 
reckon to be little short of perfection if the thickness be cm 
or more, and the frequency of alternation 80 per second, 

Suppose now the alternation of the magnetic force to be pro- 
duced by the rotation of a magnet M about any axis. First, to 
find the effect of the rotation, imagine the magnet to be repre- 
sented by ideal magnetic matter Let (after the manner of Gauss 
m hie treatment of the secular perturbations of the solar system) 
the ideal magnetic matter be umformly distributed over the circles 
described by its different poiqts. For brevity call I the ideal 
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magnet symmetrical round the axis, which is thus constitutt 
The magnetic force thioughout the space aiDund the rotati 
magnet will be the same as that due to T, compounded with 
alteiTiatmg force of which the component at any point in t 
direction of any fixed line vanes from zero in the two oppos 
directions in each period of the rotation If the copper shell 
thick enough, and the angular velocity of the rotation gi’< 
enough, the alternating component is almost annulled for exter 
space, and only the steady force due to I is allowed to act m i 
space outside the copper shell 

Consider now, in the space outside the copper shell, a pom1 
rotating with the magnet M. It will experience a force sim 
equal to that due to M when there is no lotation, and, when 
and rotate together, P will experience a force giadually alter 
-as the speed of rotation increases, until, whon the speed beco 3 
sufficiently great, it becomes sensibly the same as the force ^ 
to the symmetrical magnet I Now supeiimpose upon the wl 
system of the magnet, and the point P, and the copper she 
rotation equal and opposite to that of M and P, The statem 
just made with reference to the magnetic force at P remains 
altered, and we have now a fixed magnet M and a point I 
lest, with reference to it, while the copper shell rotates round 
axis around which we first supposed M to rotate. 

A little piece of apparatus, constructed to illustrate the re 
•experimentally, was submitted to the Royal Institution and sh 
m action The copper shell is a cyhndric drum, 1 26 cm tl 
closed at its two ends with circular discs 1 cm thick, 
magnet is supported on the inner end of a stiff wire pas 
through the centie of a perforated fixed shaft which passes thre 
a hole in one end of the drum, and serves as one of the boari 
the other bearing is a rotating pivot fixed to the outside of 
other end of the drum. The accompanying sections drawn 
scale of three-fourths full size, explain the arrangement sufficio 
A magnetic needle outside, deflected by the fixed magnet ^ 
the drum is at rest, shows a great diminution of the defle 
when the drum is set to rotate. If the (triple compound) mr 
inside is reversed, by means of the central wire and crosf 
•outside, shown in the diagram, the magnetometer outside is gr 

* [For cUagram, ^eeBalUniore lectures^ p. 680.] 
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affected while the copper shell is at rest, but scarcely affected 
perceptibly while the copper shell is rotating rapidly. 

When the copper shell is a figure of revolution, the magnetic 
force at any point of the space outside or mside is steady, what- 
ever be the speed of rotation, but if the shell be not a figure of 
revolution, the steady force m the external space observable when 
the shell is at rest becomes the resultant of the force due to a 
fixed magnet intermediate between M and I compounded with an 
alternating force with amplitude of alternation increasing to a 
maximum, and ultimately dimimshing to zero, as the angular 
velocity IS increased without limit. 

If M be symmetrical, with reference to its northern and 
southern polarity, on the two sides of a plane through the axis 
of rotation, I becomes a null magnet, the ideal magnetic matter 
]n every circle of which it is constituted being annulled by equal 
quantities of positive and negative magnetic matter being laid on 
it. Thusi when the rotation is sufficiently rapid, the magnetic 
force IS annulled throughout the space external to the shell The 
transition from the steady force of M to the final annulment of 
force, when the copper shell is symmetrical round its axis of 
rotation, is, through a steadily diminishing force, without alters 
nations When the shell is not symmetrical round its axis of 
rotation, the transition to zei’O is accompanied with alternations 
as described above. 

When M is not symmetrical on the two sides of a plane through 
the axis of rotation, I is not null; and the condition approximated 
to through external space with increasing speed of rotation is the 
force due to /, which is an ideal magnet symmetrical round the 
axis of rotation, 

A vOry interesting simple experimental illustration of screening 
agamst magnetic force may be shown by a rotating disc with a 
fixed magnet held close to it on one side^ A bar magnet held 
with its magnetic axis bisected perpendicularly by a plane through 
the axis of rotation would, by sufficiently rapid rotation, have its 
magnetic force altnost perfectly annulled at points in the air as 
near as may be to it, on the other side of the disc, if the diameter 
of the disc exceeds considerably the length of the magnet. The 
magnetic force in the air close to the^disc, on the side next to the 
magnet, will be everywhere parallel to the surface of the disc, 
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232 On A New Form op Am Leyden, with Applioatk 
TO THE Measurement of Small Electrostatic Oapaciti 


[From Roy Soc, Proc. YoL lit, 1893 [June 2, 1892], pp. 6 — 10 , iYa 
Yol XLVi [June 30, 1892], pp 212, 213; Luni Meo Yol. XLV. Jul] 
1892, pp, 139—141.] 


In the title of this paper as originally offered for comm 
cation Condenser^' stood in place of Leyden',' bi 

was accompanied by a request to the Secretaries to help m 
a better designation than ^'Air Condenser"' (with its ambig 
suggestion of an apparatus for condensing air), and I was haj 
answered by Lord Rayleigh with a proposal to use the 
leyden " to denote a generahsed Leyden jar, which I have g 
adopted. 

The apparatus to be descnbed affords, in conjunction w 
Suitable electrometer, a convenient means of quickly meas 
small electrostatic capacities, such as those of short lengt 
cable. 



The instrument is formed by two mutually insulated m( 
pieces, which we shall call A and B, constituting the two sy 
of an air condenser, or, as we shall now call it, an air h 
The systems are composed of parallel plates, each set 
^gether by four long metal bolts. The two extreme pla 
set A are circles of much thicker metal than the rest, whi 
all squares of thin sheet brass. The set B are all squar 
bottom one of which is of much thicker metal than the - 
and the plates of this system are one less in number th> 
plates of system A. The four holts binding together the 
of each system pass through well-fitted holes in the corners 
squares ; and the distance from plate to plate of the same 
^ , t^ilated by annular distance pieces which' are carefully n 
1 1 1 1^elt>^and are* made exactly the^ same in all respects. 
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system is bound firmly together by screwing home nuts on the 
ends of the bolts^ and thus the parallehsm and rigidity of the 
entire set is secured. 

The two systems are made up together, so that every plate of 
B IS between two plates of A, and every plate of except the 
two end ones, which only present one face to those of the opposite 
§et, is between two plates of B, When the instrument is set up 
for use, the system B lests by means of the well-known “hole, 
slot, and plane arrangement V’ engraved on the under side of its 
bottom plate, on three upwardly projecting glass columns which 



are attached to three metal screws workmg through the sole plate 
of system A, These screws can be raised or lowered at pleasure, 
and by means of a gauge the plates of system B can be adjusted 
to exactly midway between, and parallel to, the plates of system 
A, The complete leyden stands upon three vulcanite feet attached 
to the lower side of the sole plate of system A. 

In order that the instrument may not be injured in carriage, 
an arrangement, described as follows, is provided by which system 

. * ThomBcm and TaiVs Natwml phtHoBoj^hy^ § 1$S, exwaaple a. 
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B can be lifted from off the three glass columns and firmly clamped 
to the top and bottom plates of system A, 

The bolts fijong the comers of the plates of system B are 
made long enough to pass through wide conical holes cut in the 
top and bottom plates of system A, and the nuts at the top end 
of the bolts are also conical m form, while conical nuts are also 
fixed to their lower ends below the base plate of system 4* 
Thumbscrew nuts, /, are placed upon the upper ends of the bolts 
after they pass through the holes in the top plate of system A. 

When the instrument is set up ready for use these thumb- 
screws are turned up against fixed stops, g, so as to be well clear 
of the top plate of system A , but when the mstrument is packed 
for carriage they are screwed down against the plate until the 
conical nuts mentioned above are drawn up into the conical holes 
in the top and bottom plates of system A , system jB is thus 
raised off the glass pillars, and the two systems are securely locked 
together so as to prevent damage to the instrument. 

A dust-tight cyhndncal metal case, h, which can be easily 
taken off for inspection, covers the two systems and fits on to a 
flange on system A . The whole instrument, as said above, rests 
on three vulcafnte legs attached to the base plate of system A ; 
and two termipals are provided, one, on the base of system 
A, and the other, j, on the end of one of the comer bolts of 
system JS. 

The air leyden which has been thus descnbed is used as a 
standard of electrostatic capacity. In the instrument actually 
exhibited to the Society there are twenty-two plates of the 
system B, twenty-three of the system A, and therefore forty- 
four octagonal air spaces between the two sets of plates. The 
thickness of each of these air spaces is approximately 0*301 of 
a centimetre, The side of each square is 10*13 cm., and there- 
fore the area of each octagonal air space is 85 1 sq, cm. The 
capacity of the whole leyden is therefore approximately 
44 X 85T/(47r X 0*301), or 990 cm. m electrostatic measure; or 
1*1 X 10*"^® O.G.S,, electromagnetic measure ; or 1*1 x 10~® farads, 
Ar 1-1 X 10"*® microfarads. This is only an approximate estimate 
I on a not minutely accurate measurement of dimensions, 
>rrected for the addition of capacity, due to the edges 
oting angles of the squares and the metal cover. 
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I hope to have the capacity determined with great accuracy 
by comparison with Mr Glazebrook^s standards in Cambridge* 

r ^ 

To explain its use m connexion with an idibstatic electro- 
meter for the direct measurement of the capacity of any insulated 
conductor, I shall suppose, for example, this insulated conductor 
to he the insulated wire of a short length of submarine cable core, 
or of telephone, or telegraph, or electric light cable, sunk under 
water, except a projecting portion to allow external connexion to 
be made with the insulated wire. 



The electrometer which I find most convenient is my “multi* 
cellular voltmeter,” rendered practically dead-beat by a disc under 
oil hung on the lower end of the long stem carrying the electric 
“needles” (or movable plates). In the multicellular voltmeter 
tsed in the experimental illustration before the Royal Society, 
the index shows its readings on a vertical oylindrio surface, which 
for electric light stations is more convenient than the horizontal 
scale of the multicellular voltmeters hitherto in use ; but for the 
measurement of electrostatic oap^oi^ Ao older horizontal scale 
instrument is as conTeiii^,a^Jthe,iWW'>foTO<‘ 
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To give a convenient primary electrification for the measui'e- 
ment, a voltaic batteiy, FF' (fig. 3), of about 150 or 200 elements 
of each of which the liquid is a drop of water held up bj 
capillaiy attraction between a zinc and coppei plate about 1 mm 
asunder An ordinaiy electric machine, or even a stick of rubbed 
seabng-wax may, however, be used, but not with the same facility 
for giving the amount of electrification desired as the voltaic 
battery. 



r 


Fig. 3. 


W ^ kept joined metallically to a 

«7levd°' -d -th the c^: fnd’ 

Tf hh loyden, and with a fixed stud, 8, formini? narfe 

of the operating key to be descnbed later The other * 

Jotthibu® to the insulated idm 

Jjt as «bk, «.d tbs msulaM cel], II „f ,b, multicsS w 

^talbsally comeoted ,ria J. Th, insulatsd n ■ ^ 

leyden are connected to a snrine' ST nf fk ^ 

to above, which whenTeft to^’if ^ o^rating key 
, men, wJien left to itself, presses dawn on the 



1892] 


ON A NEW FORM OF AIR LEADEN 


636 


metal stud 8, and which is very perfectly insulated when lifted 
from contact with Shy s. finger applied to the insulating handle 
R. A second well insulated stud, S\ is kept in metallic connection 
with J and I (the insulated wire of the cable and the insulated 
cells of the multicellular). 

To make a measurement the flexible wire F is brought by 
hand to touch momentarily on a wire connected with the stud S\ 
and immediately after that a reading of the electrometer is taken 
and watched for a minute or two to test either that there is no 
sensible loss by imperfect insulation of the cable and the insulated 
cells of the multicellular, or that the loss is not suflBciently rapid 
to vitiate the measurement When the opemtor is satisfied with 
this he records his reading of the electrometer, presses up the 
handle K of the key, and so disconnects the plates B of the 
leyden from 8 and A, and connects them with S\ J, /. Fifteen 
or twenty seconds of time suffices to take the thus diminished 
reading of the multicellular, and the measurement is complete. 

The capacity of the cable is then found by the analogy: — 
As the excess of the first reading of the electrometer above the 
second is to the second, so is the capacity of the leyden to the 
capacity of the cable. 

The preceding statement describes the aiTangement which is 
most convenient when the capacity of the cable exceeds the 
capacity of the leyden. The plan which is most convenient in 
the other case, that is to say, when the capacity of the cable is 
less than that of the leyden, is had by interchanging B and J 
throughout the description. In this case, a charge given to the 
leyden is divided between it and the cable. The capacity of the 
cable is then found by the analogy: — As the second reading of 
the electrometer is to the excess of the first above the second, so 
is the capacity of the leyden to the capacity of the cable, 

A small correction is readily made with sufficient accuracy, 
for the varying capacity of the electrometer, according to the 
different positions of the movable plates, corresponding to the 
different readings, by aid of a table of corrections determined by 
special measurements for capacity of the multicellular* 
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233 Instructions for the Observation of Atmospheric 
Eeectrioitt for the use of the Arctic Expedition 
of 1875. 


[From the Manual of the Natural Geology, and Physics of eenland, 

prepared for the use of the Arctic Expedition of lS75, under direction 
of the Arctic Committee of the Royal Society London, 1876, 8vo, 
pp. 20—24,] 

The instrument to be used is the portable electrometer de- 
scribed in Sir Wm. Thomson's reprint of ‘Tapers on Electrostatics 
and Magnetism/’ §§ 368 — 378^ Full directions for keeping the 
instrument in order, preparing it for use, and using it to make 
observations of atmospheric electricity, are to be found m sections 
372 — 376, these are summarized in the following short practical 
rules — 

I. The instrument having been received from the maker with 
the inner surface of the glass, and all the metallic surfaces within, 
clean and free from dust or fibres, and the pumice dry. To 
prepare it for use. 

(1) Eemove from the top the cover carrying the pumice. 
Drop upon the pumice a small quantity of the prepared sulphuric 
acid supplied with the instrument, distributing it as well as may 
be over the whole surface of the stone. There ought not to be 
so much acid as to show almost any visible appearance of moisture 
when once it has soaked into the pumice. Eeplace the cover 
without delay, and screw it firmly in its proper position, and 
then leave the mstrument for half an hour or an hour, or any 
longer time that may be convenient to allow the inner surface 
of the glass to be well dried through the drying effect of the 
acidulated pumice on the air within, 

(2) Turn the micrometer screw till the reading is 2,000. 
(There are 100 divisions on the circle which turns with the screw 

♦ A copy of this book has been sent by the author for the use of the ofifloer or 
officers to whom the observations of attno^herio electricity are oommltted. 
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on the top outside, and the numbers on the vertical scale inside 
show full turns of the screw. Thus each division on the vertical 
scale inside corresponds to 100 divisions on the circle, and 20 
on the vertical scale is read ^^2,000.’^) Introduce the charging rod 
and give a charge of negative electricity by means of the small 
electrophorus which accompanies the instrument. When enough 
has been given to bring the hair a httle below the middle of the 
space between the black dots, give no more charge, but lemove 
the chai’ging rod and close the aperture immediately. If now the 
hair is still seen a little below the middle of the space between 
the black dots, turn the screw head in such a direction as to raise 
the attracting disc, and so dimmish the attraction till the hair is 
exactly midway between the dots Watch the instrument for a 
few minutes, and if the hair is seen to rise, as it genemlly will 
(because of the electiicity which has been given, spreading over 
the inner surface of the glass), turn the micrometer screw in the 
direction to lower the attractmg plate, so as to keep the hair midway 
between the dots. 

(3) The insulation will generally improve for several houis, 
and sometimes for several days, after the instrument is first 
charged The instrument may be considered to be in a satis- 
factory state if the earth reading does not diminish by more than 
30 divisions per 24 hours. If the maker has been fortunate with 
respect to the quality of the substance of the glass jar, the earth 
reading may not sink by more than 30 divisions per week, when 
the pumice is sufficiently moistened with strong and pure sulphuric 
acid. Recharge with negative electricity occasionally so as to 
keep the earth reading between 1,000 and 2,000. 

II. To keep the instrument in order, Watch the pumice 
carefully, looking at it every day. If it begins to look moist, 
remove the cover, take out the screws holding the lead cup, 
remove the pumice and dry it on a shovel over the galley fire. 
When cool put prepared sulphuric acid on it, replace it in the 
instrument, and re-electrify according to No. I. 

Never leave the pumice unwatched^ in the instrument^ for as 
long as a week When the instrument is to be out of use 

FOR A WEEK OR LOl^GER TAKE THE PUMIOE OUT OF IT. 

in. To use the portable electrometer for observing atmo- 
spheric electricity: , * 
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(1) The place of observation, if on board ship, must be as fa, 
removed from spars and rigging as possible In a sailing ship oi 
rigged steamer the best position for the electrometer generally ii 
over the weather quarter when under way, or anywhere a few fee 
above the tafferel when at anchor. On shore or on the ice i 
position not less than 20 yards from any prominent object (aucl 
as a hut or a rock or mass of ice or ship), standing up to air 
considerable height above the general level, should bo chosen 
Whether on board ship or in an open boat or on shore or on th< 
ice, the electrometer may be held by the observer in his left haiu 
while he is making an observation , but a fixed stand, when con 
vemently to be had, is to be preferred, unless m the caso of makinj 
observations from an open boat. 

(2) To make an observation in ordinary circumstances th 
observer stands upnght and holds or places the electromotor in , 
position about five feet above the gi’ound (or place on which h 
stands), so as to bring the hair and two black dots about love 
with his eye. The umbrella of the principal electrode being dow* 
to begn with (and so keeping metallic connection between th 
prmcipal electrode and the metallic case of the instrument), th 
observer commences by taking an ‘'earth reading The stoc 
wire, with a match stuck on its point, being in position on th 
principal electrode, the match is then lighted, the umbrella liftec 
and the micrometer screw turned so as to keep the hair in th 
middle between the black dots. After the umbrella has been u 
and the match lighted for 20 seconds or half a minute, a readin 
may be taken and recorded, called an “air reading/^ A singl 
such readmg constitutes a valuable observation. But a scries ( 
readmgs taken at intervals of a quarter of a minute, or half 
minute, or at moments of maximum or minimum electrificatio 
during the course of two or three minutes, the match burning a 
the time, is preferable. In conclusion, remove the match if it 
not all burned away, lower the umbrella home, and take an eart 
reading. 

(3) The electiic potential of the air at the point of tl 
burning match is found by subtracting the earth reading from tl 
air reading at any instant. When the air yeading is less ths 
the earth reading the air potential is negative, and is to 1 
recorded as the difference between the earth reading and the a 

* Mectr&staUci and Magnetim^ g 876, 
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reading with the sign — prefixed. The earth reading may be 
generally taken as the mean between the initial and final earth 
readings. But the actual earth readings and air readings ought 
all to be recorded carefully, and the full record kept. 

(4) Note and record the wind at the time of each observation, 
also the character of the weather 

IV Observations to be made 

(1) At the commencement of the Expedition, m the course 
of the northward voyage, observations of atmospheric electricity 
ought to be taken regularly three or four times a day, also 
occasionally during the night to give the observer some practice 
in the use of a lantern for reading the divisions on the circle and 
of the vertical scale 

(2) When stationary m winter quarters observations should 
be made three times a day at intervals of six hours , for example, 
at 8 a.m., 2 p.m , and 8 p m , or at 7.30 a m , 1 30 p m , and 7 30 pm. 
Whatever times are most convenient may be chosen provided they 
be separated by intervals of six hours 

(3) It is very desirable that hourly observations should be 
made, if only for a few days, in winter and m summer If possible 
aiTangements to do so at least for six consecutive days m winter, 
and for six consecutive days m summer should be made. The 
results will be very interesting as showing whether there is a 
diurnal or semi-diurnal period in either the Arctic winter or 
summer, as we know there is at every time of year in places 
outside the Arctic circle. 

(4) Make occasionally special observations when there is any- 
thing pecuhar in the weather, especially with reference to wind. 

V. Special precautions : 

(1) In the Arctic climate more care may be necessary than 
n ordinary climates as to earth connections. Therefore put a 
uece of metal on the stand on which the electrometer is placed 
uring an observation on board ship, and keep this m metallic 
ommunieation with the ship's coppers or lightning conductors 
f the electrometer is held in the hand with or without a glove, 
fine wire ought to be tied round the brass projection which 
irries the lens, or otherwise attached to the outer case of the 
ectrometer, and by this wire sufficient connection maintained 
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with the earth during an observation The connection v 
probably be sufficient if a short length of the wiie is laid on t 
ice and the observer stands on it. Enough, hovyever. la not 3 
known as to electric conductivity of ice- and to make sure 
nay be necessary to have a wire or chain let down to tlie -wal 
through a hole m the ice, and metallic connection kept up 
a fine wire between this and the electrometer case during 
observation. 

(2) The observer’s cap (particularly if of fur) and Ins wooll 
clothing, and even his hair if not completely coveied^ by his ce 
will be apt in the Arctic climate to become electrified by t 
slightest friction, and so to give false results when the object 
be observed is atmospheiic electricity, A tin foil cover for a 
and arms, kept m metalhc communication by a fine wire with tl 
hand or hands applied to the case of the electrometer or to tl 
micrometer screw head, should therefore be used by the obscrv 
(and assistant, if he has an assistant to carry Ian thorn, or for ai 
other purpose), unless he has made sure that there is no sensib 
disturbance from those causes, without the precaution. 

YL Instruments, stores, and appliances for observation 
atmospheric electricity sent with the Expedition • 

1, Two portable electrometers, Nos. SB and 36, each wth oi 
steel wire for carrying match, one charging rod, and one electr' 
phonis for chargmg the jar. 

2 > Six spare steel wires (three to go with each instrument)* 

3. Supply of matches ready made. (The slowex' the mate 
boms, the better If those supplied burn too fast, steep them i 
water and dry them again.) 

A White blotting paper and nitrate of lead to make moi 
matches when wanted. (Moisten the paper with weak solution < 
mtrate of lead, and roll into matches with thiu paste made with 
very little nitrate of lead in the water.) 

5. Six spare pumices (three for each electrometer); indi 
rubber bands to secure pumice m lead case. 

6 . small stoppered bottles of prepared sulphuric aci 
ffeur for each electrometer) 

j 7^ Tin' foil and fine wire* 


I 
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ELEOTKICAL CONTEIBUTIONS TO 
ENGINEERING SOCIETIES 


The Malta and Alexandria Submarine Telegraph Cable. 


[From Discussion on H C Forde’s Paper, hist Qh Eiigrs Pwg Vol sxL 
[May 13 and 20, 1862], pp. 635, 636 ] 

Professor W Thomson considered, that with a cable of 
eleven hundred knots, having the same sectional area and 
dimensions as the Malta and Alexandria cable, a telegraphic 
speed of ten words per minute ought to be obtained* That 
estimate was based upon actual expenence of the working of the 
Atlantic Telegi'aph. Morsels alphabet had been used, and a 
telegraphic speed of two and a half words per minute, fully spelt 
and without abbreviations, was attained. According to a well- 
established law, the speed of working through half the Atlantic 
cable would have been four times the speed actually attained 
through the whole length. From the preceding data he had no 
doubt that in the case of the thirteen hundred knots, which 
formed the entire length of the Malta and Alexandria cable, a 
speed of twelve fully-spelt words per minute might be obtained 
with instruments adapted not only for high speed, but also for 
convenience and certainty. With reference to the battery power 
which would be required, he believed, that the smallest battery 
power was sufficient to produce the speed he had mentioned, and 
that ten cells would be quite sufficient. 

The theoretical result from the law of the squares, using the 
data derived from the working of t!^e Atlantic Tele^aph cable, 
and taking into account the greater lateral dimensions of the 
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Malta and Alexandria line, would considerably exceed twelve 
per minute* 

It was to be hoped, that the forebodings which had 
expressed, as regarded the permanency of the cable, migh 
bo realized, and either that repairs might not be require 
that if required they might be successfully executed It v 
however, be extremely unwise to lose sight of any such po 
contingency, and in designing future submarine telegraph c 
every effort should be made to insure the permanent protc 
of the insulating medium. From the rapid advance of 
graphic science and expenence, he hoped that this impc 
and difficult problem would be solved, and that a subrr 
telegraph cable would be designed, constructed, and laid, 
the same prospect of success and permanency as a bride’e 
railway* 


* This calcaJahon has since been made, and the result gives fifteen and 
words per uunute for 1,330 knots of cable — W T* 
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[TESTS OF TELEGRAPHIC APPARATUS] 

I On A New Foem of Joule’s Tangent Galvanometer 
I On the Measurement of Electrostatic Capacity 
[I Tests of Battery. 

V , Tray Batt’ery for the Siphon Recorder. 

rom Original CoiiMUNiOATiONS, in the Jourricd of the Society of Telegraph 
Engimers ^ Vol. i 1872, pp 392 — 406 ] 

[. On a New Form of Joule’s Tangent Galvanometer. 

Nearly thirty years ago Joule showed how to make a good 
agent galvanometer* Yet, up to the present time, the tangent 
Iranometer described in the text^books and made by the chief 
Jtrument makers has for needle a heavy steel bar two or three 
ihes long, supported by an agate capsule on a steel point , and 
IS nowhere properly placed except in a historical museum. It 
certainly useless in the laboratory or the electrician’s testing 
)m 

Joule’s improvement, subsequent to the meeting of the British 
sociation at Cork m 1843, consists in substituting for the point 
1 agate capsule, suspension by a single silk fibre , for the great 
si bar, a very light needle about a quarter inch long, or, at the 
3t, half an mch , or two or more such needles cemented parallel 
ane another on an exceedingly light cradle and for the bar 
If as pointer, an exceedingly light glass rod or tube cemented to 
needle or cradle, pomting degiees of deflection on a graduated 
Lzontal circle The cradle ought to be the very lightest that 
bear the needles, and the glass pointer the lightest that can 
r its own weight without drooping to an inconvenient extent, 
fulfilling these conditions, and particularly by making for the 

Not before the Meeting of the British Association at Cork, in 1843, certainly, 
ong after, probably See, in the Association’s Report of that year, abstract 
i paper “ On a (Galvanometer ” 
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pointer a elaes tube about six inches long, and so light that its 
ends droop about a quarter inch each below the level of its middle, 
and by making the floor and glass roof of the case protecting it 
from currents of air as close together as they can conveniently be 
to allow the pomter freedom to turn without touching them. Joule 
long ago produced an instrument with the distinguishing merit of 
my more recent "dead-beat mirror.” When the current through 
the coil IS suddenly made, or reversed or broken, the indicator 
moves direct to its fresh position without shooting past it, and 
reaches it sensibly in, at the most, two or three seconds of time. 
I do not think it an exaggeration to say that, with an instrument 
havmg these quahties, as many accurate observations can bo made 
m ten minutes as can be made m an hour with the ordinary- 
instruments which oscillate most tediously before settling suf- 
ficiently to show the position of equilibrium. With an instrument 
constructed for the University of Glasgow, about twenty-five years 
ago (by Mr Dancer of Manchester, under the direction of Joulo 
himself), in which the circle is six inches diameter, and is divided 
mto degrees and halves of a degree, I find that by using reversals, 
and takmg the means of the four readings of the two ends of 
the needle in the two positions, I can readily obtain results, 
trusti^orthy to within 2' or 3', of the true value of the single 
deflection. 

The new form of Joule's instrument, now befox'O the Society, 
has several modifications, which I have introduced chiefly to 
render it more convement for the practical electrician, but partly, 
also, to save time m measuring the resistances and intensities of 
galvanic elements in the scientific laboratory. These modifications 
are 

No* 1. Instead of a single fixed coil, two coils, supported on 
geometrical slides, so as to be movable to diftex^ent distances 
from the needle, in the direction petponditolar to the magnetic 
mendian on the two sides* 

No, 2* Simple appliance to produce change from connection, 
of the two cods in senes, to connection in double arc, when one of 
them is brought nearer to the needle than a certain position on 
its slide. 

No. 3. Two long coils, with a great number of convolutions, 
of fine wire, so as to give a resistance immensely greater than that) 



A NEW TAN(}ENT GALVANOMETER 


545 


1872] 

of any single oloinent, or even battery, to the measurement of 
wliich tlio instrument is to be frequently applied. 

No, 4. Copper wire of higli conductivity, a condition which, 
so far as I am aware, has never been attended to in any tangent 
galvanometer hithiu-to made, except a few by White, including 
the instrument now before the Society. 

No. 5. Division of the scale, to show equal differences of 
tangents of the) angles, from isero, instead of equal angular diffei- 
enc(‘H, 

N(t. (J. Himplirted details of suspension and adjustment, in- 
fluding an oxcoedingly convenient mode devised by Mr White 
for lifting the cradle, and supporting it firmly, without breaking 
the fibre, .so as to render the instrument readily portable 

The object of No. I is to render the instrument readily 
applicable to tost the re-sistanccs and intensities of batteries of 
from 2 to JOO cells. The object of No. 2 is to give sufficient 
sensibility for satisfactorily measuring the intensity of a single 
Danieirs cull. The object of No. 3 is to give the simplicity of 
th»‘ nu'thod by olontroim'ter, to testing the resistance and intensity 
of a battery by galvanometer. The object of No. 4 is obvious, and 
it IS worthy to bo noticed by the Society of Telegraph Engineers, 
that it has hitherto been so lamentably neglected. The object of 
No, 6 is to avoid the noeessity of using a tablo of natural tangents, 
and to save time when immorous tests have to bo made. 

The instrument shown this evening to the Society is merely 
a rough firet trial towards the construction of a galvanometer 
fulfilling th« conditions I have described, I hope at a future 
meeting to bo able to show on instrument with the constructive 
details improved in many important particulars. Such an instru- 
ment, oidored by Mr Saunders for the Eastern Telegraph Company, 
is now being made by Mr White, and a sufficient description, if not 
the instniment itself, will I hope soon be placed before the Society, 
Among other improvements it will have a plain mirror of silvered 
glass, instead of white paper, for the floor of the case, in the 
immediate neighbourhood of the graduated are. This, according 
to a well-known old German plan, will greatly promote accuracy in 
reading the deflections, by facilitating the avoidance of parallactic 
error. * 
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II, On the Measurement of Eleotrostatio Capacity 

The ordinary methods of measurmg electrostatic capacity, u 
which a galvanometer is used to measure the electro-magneti 
impulse, on the same dynamical principle as that adopted b;; 
Robins in his ballistic pendulum, are bable to very senou 
objections 

No 1. ilt IS difficult to secure that the whole duration of th 
impulse shall be a sufficiently small fraction of the needle', 
period. 

No 2. The resistance of the air or of other fluid employed t« 
damp the vibrations of the needle, directly affects the observec 
throws, to amounts which cannot easily, if at all, be determmec 
with accuracy 

No 3 On account of (1) and (2) it is necessary for accurac;] 
that the period be long, and the resistance against the motions o 
the needle so small that the diminution of amplitude m successive 
swings shall be small. An msbrument fulfilling these conditioni 
IS exceedingly mconvement for practical use, because it is difficult 
or at least tedious, to get the needle brought to rest, as it musi 
be before taking a discharge upon it Such an mstrument 
mdeed rather suitable for the physical laboratory than for a cable 
station, a ship, or a telegraph engineer's testing room 

No 4. The intensity of the electro-magnetic action during 
the instant of the discharge is hable to alter the magnetization o 
the galvanometer needle (which is sometimes a fatal objection t( 
the method, whether a smgle discharge or contrary discharge? 
through a differential galvanometer be used) 

The difficulty No 2 has been met in practice hitherto, mosi 
commonly, I believe, by usmg a differential galvanometer tc 
reduce the observed throw to zero, or to a small proportion of thal 
due smgly to one or other of the two quantities compared Bui 
the use of a differential galvanometer aggravates curiously, anc 
sometimes inconveniently, the difficulty No 1. Unless the perioc 
of the needle is much longer than it is in any of the galvanometer 
ordinarily used, the contrary discharges through the two coils musi 
be very accurately simultaneous, to avoid giving undue influence 
to the greater of the two discharges, whichever of the two be the 
first made. 
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Whether the differential galvanometer be used, or the method 
by single discharges, the period of the needle must be many times 
greater than any that would be convenient for the practical 
electrician, if either method is to be applied to measure the 
capacity of lengths of submarine cables exceeding one or two 
hundred miles 

De Sauty’s beautiful method (Clark and Sabine, ElectHcal 
Tables and Fovmulce, Edition 1871, page 62), though nearly free 
from all the difficulties described above, when applied to short 
lengths of submarine cable, or to condensers or other ordinary 
laboratory appaiatus, is not applicable to great lengths of sub- 
marine cable on account of the manner in which the currents 
concerned in it are influenced by the inductive retardation. 

Two methods, one or other of which I have generally preferred, 
even for laboratory work, are quite free from all the difficulties 
referred to above, and are equally applicable to' several thousand 
miles of submarine cable, and to leyden jars, or ordinary electro- 
static apparatus of even smaller capacity. The first of these 
methods was described at the meeting of the British Association 
m Glasgow, in 1856, and a short statement of a method virtually 
agreeing with the second was communicated to the British 
Association Committee on electrical measurements, four or five 
years ago, but no full practical description of either has been 
hitherto published. 

My first method consists of a purely electrostatic arrangement 
analogous to the method for currents commonly known Wheat- 
stone's bridge. Four condensers ore arranged in two series of two 
each. The two first plates (a, A) of the two series are cJonneoted 
together. So are the two last plates (a', Ay An electrometer^ 
or galvanometer is employed to test differences of potential 
between the intermediate connected plates (6, b') of one series, 
and the connected plates (5, B') of the other series, after a 
difference of potentials has been suddenly established between 
the first plates and the last plates of the series* If the difference 
of potentials is found zero, wo conclude that 

* It was for this application that eijctcGil years ago I firet thought of the 
“divided ring el^otrometer,” of which thc'mC^Jem quadrant electrometer xb a 
apeoies, l , ; ' > i » ' 


36—2 
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where c and d denote the capacities of the two condensers in on^ 
senes, and G and (7' those of the other two in the same order, n 
the othei series. When a galvanometer is employed to test th< 
difference of potentials, its circuit must not be made until tim' 
enough has been allowed for the establishment of electrostati 
equihbnum among the condensers, The time lequired for thi 
IS a very small fraction of a second, in ordinary laboratory worh 
and in applications of the method to short lengths of submarin 
cable, or to the testing of condensers of hundreds of microfarade 
provided there is no resistance of more than a few ohms in any o 
the connections concerned. On the other hand, in testing con 
siderable lengths of submarine cable (or m experiments in whicl 

A a 

C c 

B b 

O 

B 

C' c' 

a' 

Fig U 

as with Yaxley’s artificial line,” condensers of great capacity ar- 
connected through great resistances) two, three, or more second 
may be necessary before the zero test can be taken. To produc- 
the zero, one or more of the four capacities c, c', G, G' must b 
altered by a proper method of adjustment. When an electromete 
IS used, and when the msulation is very good, the zero may b 
obtained by this adjustment, without a fresh electric charge, bul 
after havmg obtained the zero, it will, of course, be right to dis 
charge the apparatus and re-test with fiesh charge. On th 
other hand, when a galvanometer is used, the condensers must b^ 
thoroughly discharged, then re-charged and left for time enoug] 
to secure electric equihbnum before testing again the desirec 
equality of potentials by the (quasi-bndge) discharge through th' 
galvanometer, and so after repeated trials the adjustment o 
capacities givmg zero effect on the galvanometer, and therefox 
securing the proportion c,c' G ,G\ is found. The details of thi 
method admit of much vanation, accordmg to the nature anc 
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character of the investigation to which it is applied, and of the 
available instruments. One way of carrying it out, adapted to very 
small capacities, is fully described in a paper entitled '' Measure- 
ment of Specific Inductive Capacity of Dielectrics,’' by John 
Gibson, M,A , and Thomas Barclay, M A , — Transactions of the 
Royal Society, Feb, 187L 

My second method is still analogous to the Wheatstone bridge, 
but diffeis from the fiist in this, that one only of the two connected 
senes consists of condensers, and that the other is a line of current 
through resistance. The two condensers (c, c') to be compared are 
put in series, that is to say, one plate of the condenser c, which 
will be called its second plate, is put m connection with one plate 
of condenser o', which will be called its first plate. The first plate 
of condenser o will be called a, the connected second plate of c and 


a 



first plate of c' will be called 6, and the second plate of c' will be 
called a\ Join ct and a' in metallic connection through a wire 
aBf of not less than several thf)usand ohms resistance, and let B, 
a point in this lino of conduction, be put in connection with one 
terminal of an electrometer or galvanometer, the other terminal of 
which is to be occasionally connected with 6, by a make and break 
key, AT. To commence, make and break contact at M several 
times, not too rapidly, and observe the effect on the indicator 
whether of electrometer or of galvanometer^ Then with contact 
at M broken, establish a difference of potentials between a and a' 
by means of a battery, and after time has been allowed for electric 
equilibrium between c and o', make contact at Af, and keep it 
made for a sufficient time. Then break contact at M and reverse 
the batteiy electrodes between a and a\ Then after sufficient 
time for re-establishment of eleetpe ’equdibpkmi between o and c', 
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make contact at M. The ratio of the resistances R, R\ between 
a and B, and between B and a' must be adjusted by varying one 
or both of them until the effect of making contact at M is the 
3 ame with successive reverse applications of the battery to a and 
i! (This effect will be zero, generally, in laboratory and factory 
jests, but, because of earth-currents, not exactly so in a submerged 
iable.) When the adjustment has been satisfactorily made, we 
ionclude that 

E R-c,o\ 

This method is applicable, notwithstanding earth-cmients in 
Qoderation, to measure the resistance of a submerged cable of two 
r three thousand miles length, with only a single microfarad as 
bandard for capacity, and a battery of not more than 100 cells to 
barge it 


III. Tests of Battery. 

To measuie the intensity and resistance of a cell or series of 
)lls, use a galvanometer with a very long coil, and add lesistance 
' it to make up a total resistance many times greater than the 
eatest mtemal battery resistance to be measured. A tangent 
ilvanometer of the new foim made for this purpose, with arc 
vided according to tangents, so that the readings on its scale are 
nply proportional to the currents, is very convenient. The 
3istance of its coils in senes is about 4000 ohms, and by varying 
e distance of the coils from the needle it may be applied without 
y other change of adjustment to any hatteiy of from one to 
jy cells. A muTor galvanometer with strong controlling magnet 
magnets to give veiy quick action to the needle is also very 
ivenient. Its sensitiveness will still be sufficient to requiie the 
iition of from one hundred to four hundred thousand ohms lesist- 
30 to its circuit. The proper degree of sensitiveness ought to be 
educed by controlling magnets and by addmg resistance , with- 
» in any case applying a shunt to its coil. The galvanometer 
uld be kept in one place, and convement leading wires used as 
itrodes from whatever cell or battery is tested. The suspending 
e, whether the mirroi or the tangent galvanometer be used, 
3t be so fine as not sensibly to disturb the zero To make an 
srvation, provide a suitable resistance coil, which foi brevity 
be called the shunt. This coil should have thick flexible 
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olectrodea convement for direct application to the two tennmals 
of the cell or battery to be tested Its resistance may be anything 
from about one half, to two or three times the resistance of the 
battery to be tested Its length ought never to be less than two 
metres for testing a single cell , or twice as many metres as there 
are cells in the series to be tested If its resistance is to be 
anything lower than one ohm it may be conveniently made by 
a strand of two, three, or more wires twisted together. These 
wires may be silk-covered or cotton-covered, copper or German 
silver. Or bare wire of either metal may be used and if so the 
strand must be taped, or otherwise sufficiently insulated, to 
securely separate the different turns m the coil from metallic 
contact with one another If too short a length is used the 
heating action of the cell is too great, and therefore although 
two metres may be allowed as a minimum, a considerably greater 
length IS preferable. When the length is only two metres per cell 
tested, the current ought not to be allowed to flow through the 
shunt for more than two or three seconds at a time, .or it may 
become too much heated*. 

To make an observation* — First observe the deflection (D) pro- 
duced by the battery through the simple circuit of the galvanometer, 
and added resistance if any. Then apply the shunt direct to the 
terminals of the battery, making sure of good contacts , and obseiwe 
the reduced deflection D'. Let 8 be the resistance of the shunt, 
and if the resistance of the battery, we have 

If i) — D' is too small a number of divisions to give a good result, 
a shunt of less resistance must^e used. If, on the other hand, 

* If the current le kept flowing through a copper ^vlle, with an electromotive 
force amounting to that of one good Eomell’s cell pei n metres, the temperature of 
the wire would rise at the rate of 16/n® degrees centigrade per second, were no heat 
allowed to leave it. 

t The [corrected] rigorous formula is as follows . 

where 0 denotes the resistance of the galvanometer circuit— that is to say, the 
resistance of the galvanometer coil, together with the added resistance if there is 
any. When G is very great m comparison with 8, GfiO-hS) le very nearly unity, 
so that the numerator becomes D-D', nearly enough for practical purposes ; and 
8IG being a very small fraction the denommator becomes nearly jenough D'; thus 
we have the simple appi;oxi|naj;e formula m Jhe text ' » ^ ' 
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D' IS too small, a shunt of greater resistance must be used. When 
a battery consisting of any number (n) of cells m series is thus 
tested, Bjn is the mean mtemal resistance per cell When a single 
cell is tested, B is simply the resistance of that cell. The intensity 
of the cell is mferred from the single deflection D, by noting what 
a single cell of good quality would give when tested in the same 
way. Thus, if V denote the deflection which would be produced 
by the electromotive force of one volt, a single good Darnell’s cell 
would give a deflection equal to I'OT x V. By applying once for 
all a good Darnell’s cell and dividing the obseiwed deflection by 
1*07, we have a fair approximation to the value of V for the 
particular adjustment of galvanometer used. Of course, if the 
adjustment is changed, the value of V must be le-determined, 
Supposing, then, V to be known for the adjustment actually used 
at any time, we have E^DjV, where BJ denotes the intensity of 
the electromotive force, in volts, of the cell or battery tested in the 
process described above If JSjn is found to be much less than 
1 07 the batteiy is defective in intensity Let BI be the electro- 
motive force of the battery in volts, B its mternal resistance, and 
Jt the internal resistance of the electro-magnetic coils through 
which its circuit is completed when at work, each reckoned m 
ohms The quantity of electricity circulating per second will be 
JEI{B+It) reckoned m terms of a umt equal to the quantity 
required to charge a condenser of one farad to a potential of one 
volt. The quantity of zmc dissolved in each cell amounts there- 
fore to X EI{B -f JR) grammes per second, or 1*2 x JE/(B + R) 
grammes per hour, and the quantity of sulphate of copper used is 
4*75 X q- R) grammes per hqur. 

For example, suppose twenty of the ordmary recorder trays in 
good condition to be employed. The electromotive force will be 
about 21 volts, and the whole internal resistance about 3 ohms. 
The coils of the electro-magnet, if m senes, will give a resist- 
ance of about 14 ohms Putting then ^ = 21, JS — 3, jR — 14, 
we have 4 75 x 21 ~ 17, that is 5 9 grammes, for the consumption 
of copper in each cell per hour, or 100 grammes* in seventeen 
hours 

The efiBciency of the whole battery, and of each cell of it 

* This IS as nearly as may be at the rate of four ounces in 19 bonrs, or a pound 
in 76 hours. An ounce ayoirdupois is 28 3 grammes. 1 lb. is 468 grauimes, 
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separately, when actually at work on the recorder electro-magnet, 
IS to be tested as follows, without m any way interrupting or 
disturbing the use of the instrument for signallmg —“Carry 
electrodes from the galvanometer first to the two terminals of the 
electro-magnet, and observe the deflection D. Then place them 
successively upon the two terminals of each cell, and observe the 
deflections in each case, Di, Dj, etc. It will be found that the 
sum of these is equal to D At any time when the instrument is 
not required for signallmg. the intensity and the resistance of each 
cell may be determined, without the use of a separate shunt, by 
the following process which will be found very easy and convenient 
in practice —Keep the electrodes of the whole battery on their 
proper places on the teiininals of the electro-magnet coil, and find 
D as above Then as above find Dj. Then without movmg the 
galvanometei electrodes from the terminals of the first cell, break 
the electro-magnet circuit by the proper make and break switch. 
Let be the deflection then observed Proceed similarly for 
each of the other cells, and let A, D/, A, D,', etc , be the observed 
deflections Then if Bi, etc, denote the resistance of the 
several cells, and E^, etc., their intensities, we have 

.2^1 = 1 07 X , .^2 = 1 07 X ^ , etc. 

B, = R = etc. 

whore B denotes the resistance of the electro-magnet coil. In the 
recorder a.s now made, R will be about 16 ohms when the two coils 
are in aeries, and about 4 ohms when they are connected in double 
arc. Let 0 be the deflection given by a good Darnell’s cell direct 
through the galvanometer* The actual efficiency of the whole 
battery, as working on the electro-magnet reckoned in volts, will 
be 1*07 X D/(7; and the efficiency of the several separate cells, in 
terms of the same umt, will be 1'07 x Di/(7, 1 07 x BJO, etc. 

In observing the deflection for each oeU, be careful to note its 
direction. There might be a fair degree of deflection from any 
one cell of a batteiy in series, but yet its direction might be 
opposite to that corresponding to positive efficiency. This would 
be the case, for example, if, in a battery of n cells in good order 
as to intensity, the resistance of any one cell exceeds one nth part 
of the sum of all the resistances, internal and ertemaj, in the 
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circuit. When this is found to be the case for any cell, either 
short circuit it immediately, or refresh it by putting m crystals of 
sulphate of copper 

The cells in actual use are to be tested, in the manner just 
descnbed, as frequently as is necessary to make sure of their 
efficiency. Until a cell has been a fortnight at work, it ivill^ 
generally speaking, not show any failure m efficiency except 
through want of sulphate of copper. 

Supposing 14,000 gi-ammes to be the weight of water in each 
tray, the dissolution of 840 grammes of zmc will raise the sjjecific 
gravity from 1 1 to I'S This would result from the consumption 
of 3400 grammes (or 120 ounces) of sulphate of copjier. Keep 
account of the quantities of sulphate of copper put into each tray, 
from time to time, also occasionally, before putting in the fresh 
sulphate of copper, teat the specific gravity by a hydrometer. 
Before the specific gravity of the stratum of liquid level with the 
zinc gratmg reaches 1-35, draw out some of the liquor, and pour 
fresh water into the space over the zmc. 


IV. Tray Battery for the Siphon Recorder. 

The battery consists of square wooden trays lined with load, 
and zmc gratings restmg m them on wooden or stone-ware props. 
In the lower edge of each tray, on the outside, a groove is cut to 
facilitate pouring in fresh water over the zincs, during the use of 
the battery. A stout copper wire is soldered to the lead lip of 
each tray, to facilitate making connection to electrodes when 
required To aUow the deposit of copper to be readily removed, 
a nanow shp of sheet copper is soldered to the lead near the 
mddle of the bottom of each tray, and all the rest of the load 
both over the bottom and on the slant sides is carefully coated 
with ^raffin, bees-wax, or other non-conducting matorial, such as 
^ish of any convement kind, and a piece of dutch metal paper, 

through a hole m it to its upper side, is pasted flat down over thf 

pr^with ita°T'd \ sprung so as to 

press with Its end firmly on the metallic surface. 

Ptoc^" StTl ““ ’'5' plternatwe 

ptPoM., with leas troubte, m of setting up ofrosh old lend 
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trays, which, from want of the precaution, have been ruffled by 
a deposit of copper adhering to them too firmly to be removed 
The whole of the lead, bottom and slant sides, of the tray, must 
be thickly varnished, except a small area of a quarter of an incli 
diameter at the centre, which must be cleaned so as to present a 
fresh metallic surface, to make contact with a sheet of copper 
placed in the bottom of the tray, and to receive enough of deposited 
copper to establish a permanent metallic connection between the 
lead and the sheet of copper. To make sure of an initial contact 
between the copper and the lead, a burred hole is made in the 
centre of the sheet of copper (by a round-headed punch, the 
copper being placed on a piece of soft wood) before it is put into 
the tray The under surface of the copper plate must be also 
carefully varnished except the buiT projecting downwards In 
laying the sheet of copper in the bottom of the lead tray, it must 
be so placed that the burr presses on the clean portion of the lead. 
When properly placed, secure it by wax at its comers and edges 
so as to prevent it from shifting, and to keep it lying flat in case 
of any part of it showing a tendency to curl up. 

Each zinc is to be protected by a square of parchment paper 
bent round below ib, and folded neatly at the comers and fixed 
with seaUng wax^. Care must be taken that the edge of the 
paper be generally J u^ch (and in no place less than a J inch) 
above the upper level of the bam of the zinc grating. It must bo 
bound firmly to the zinc, by twine passing under the parchment 
paper, and tied over the zinc above ; also by a long piece of twine 
several times round the square. Each lead tray should have a 
stout copper wire soldered to it, projecting about three inches 
from one corner. 

To support a pile of trays take four bloolcs of wood each four 
or five inches square in horizontal dimensions and of any convenient 
height • and place them in positions to bear the four corners of a 
tray. The pile must be so placed as to give ready access to each 

* Press tke paper against the zinc between finger and thumb on each aide of 
the comer and draw the bight or bend of the paper diagonally away from the 
comer; then fold the bight round the vertical comer of the zinc, and press it 
against the flat zinc surface on one side or other of the comer. Sboure with 
eealin^ wAx in the bight, and where one side of it is pressed against the paper on 
the vertical zinc surface. Then tie it round i^fully with cord in the manner 
'described in the text. v ^ ^ 
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of its sides. Put a piece of thick sheet gutta-percha, six inches 
square, on the top of each of the wooden squares, and then lay 
down the first tray upon them, seeing that it is properly levelled. 
Put four hard wood or stone blocks, each 1^ inch cube, in the 
corners of the tray, and put one of the zinc gratings resting with 
its four cornem on these props. Put a quarter-saturated solution 
of sulphate of zinc (specific gravity about 1*1) into the tray, 
pouring in first between the lead and the parchment paper, and 
afterwards filling up to the level of the top of the zinc grating, by 
pouring some of the solution directly on the zinc over the paper. 
See that the top corners of the zinc, and the bottom corners of the 
tray to lest upon it, are all properly turned, and clean and dry. 
Place a lead tray resting with its four comers on the upper pro- 
jecting comers of the zinc Place four wooden or stone props in 
the comers of this second tray, put a second zmc upon them, and 
fill with solution as before. Observe in placing the trays, to turn 
them with their grooved edges on the same side of the pile, and 
t/uii the side most convement for pounng in fresh water. Proceed 
thus until a pile of from six to ten trays, one over the other, is 
made and filled with hquid Solder a stout copper wire for 
electrode to one of the comers of the top zmc. In the same way 
make as many piles as are required. Leave a space of about one 
foot breadth between each pile and its neighbour. Connect these 
piles in series, the top zinc of one pile to the lowest lead tray of 
the next one. 

The crystals of sulphate of copper to be used should be broken 
into small pieces, the largest not more than the size of a pea, and 
weighed out in quantities of an ounce each To put the battery 
in action drop m four ounces to each ceU ; one ounce separately 
on each side, distributmg it as equally as may be, along the space 
between the wooden props , and immediately after doing so, short- 
circiut the cell, and keep it on short-circuit till required for use. 
Withm a short time (ten minutes or a quarter of an hour) the 
battery will be ready to act at full power. Take care not to drop 
in any crystals so near the comers as to fall agamst the wooden or 
stone props. 

From time to time put in more sulphate of copper; always 
regularly four ounces to each tray, one ounce separately along each 
side, £ts m first chargmg the battery; but never put in a fresh 


't 


I 
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supply of the crystals until the previous supply is nearly all used 
up If at any time the battery is to be out of use foi' several days, 
short-circuit it until all the sulphate of copper is used up The 
short-circuit should be broken when theie is no sulphate of copper 
remaining in any of the trays. From time to time draw off by a 
siphon from a point a little below the lowest level of the zinc, 
enough of the liquor to sink the surface by about a quarter of an 
inch, and then fill up to the proper height by jxmrmg in fresh 
water by a funnel to the space above the gloating bai’s. The 
specific gravity of the hquor drawn off each time should be tested 
by a hydrometer, and the quantity drawn oflF should be regulated 
so as to keep the specific gravity of the liquor in the cell at about 
from 1T6 to 136. 



Some Recent Improvements in Dynamo-Electric Apparatus 
[and Transmission op Power thereby] 


[From Discussion of Higgs’ and Bbittlb’s Paper in In^t Civ Engrs Proc , 
Vol Lii 1878 [Jan 22, 1878], pp. 81-^3 ] 

Sir William Thomson said Dr Siemens had just brought 
forward an idea which appeared to him to be quite new, and to 
be of great practical importance , namely, that the electnc light, 
if there were a sufficient number of lamps, could be produced 
TOth equa] economy at a great and at a small distance By way 
of illustration he would suppose the cost of a central station 
dispensmg by four hundred machmes the electnc current to 
four hundred lamps, each at a distance of 1 mile. Taking those 
four hundred miles of wive and putting them in a line, having 
four hundred engines in senes, and putting the four hundred 
lamps at short distances from one another, without any change of 
circumstances, the same effect would be produced at 400 miles as 
at 1 mile. The question of the heat developed in the wire was, 
as Dr Siemens had remarked, the fundamental question with 
reference to the quantity of metal required to communicate the 
effect to a distance It appeared to him that the most practical 
way of producing the result would be to put the wire in the shape 
of a copper tube. Having a copper tube, with a moderate amount 
of copper m its sectional area, and a current of water flowmg 
tlirough it, With occasional places to let it off, and places to allow 
water to be admitted for the purpose of cooling, there would be, 
without any injury to the insulation, a power of cairying off heat 
practically unlimited. He believed that with an exceedingly 
moderate amount of copper it would be possible to carry the 
electnc energy for one hundred, or two hundred, or one thousand 
electric lights, to a distance of several hundred miles The 
economical and engineering moral of the theory appeared to be, 
that towns henceforth would be lighted by coal burned at the 
pit s mouth, where it was cheapest. The carriage expense of 
electncity was nothmg, while that of coal was sometimes the 
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merely mention — a magneto-static^ at the pit’s mouth (which was 
instrument I use as an adjunct to or working dynamo engines of 
ments because it is exceedingly that way he had no doubt that 
above and below the range of aims would be reduced to a small 
magneto-static species with ^pense Nothing could exceed the 
the means of measu^ ot the fact to which attention had been 
one milli-amn'C^o addition was required to the quantity of copper 
■^^velope the electric light at a distance. The same remarks 
would apply to the transmission of power Dr Siemens had 
mentioned to him m conversation that the power of the Falls of 
Niagara might be transmitted electrically to a distance. The 
idea seemed as fantastic as that of the telephone or the phonograph 
might have seemed thirteen months ago ^ but what was chimerical 
then was an accomplished fact now He thought it might be 
expected that, before long, towns would be illuminated at night 
by an electric light produced by the biirnmg of coal at the pit’s 
mouth, or by a distant waterfall. The power transmissible by 
the machines was not simply sufficient for working sewing 
machines and turning lathes, but by putting together a sufficient 
number any amount of HP. might be developed Taking the 
cost of the machines required to develope one thousand H P , he 
believed it would be found comparable with the cost of a thousand 
H.p. engine, and he need not point out the vast economy to be 
obtained by the use of such a fall as that of Niagara, or the 
employment of waste coal at the pit’s mouth. 

As to the transmissibility of different kinds of light through 
clear or foggy air, that was a matter for experimental investi- 
gation. Theoretically it was an exceedingly interesting question. 
The whole quantity of energy m the vibrations must be the same, 
therefore it might be expected that the absorption would be the 
same, whether the light proceeded from a small surface, as in the 
electric light, or from a much larger surface, as in oil lamps of 
hghthouses But the mode of absorption of the vibrations 
according as the same colour was produced from one or other 
of the two sources was a question that mathematicians could not 
solve, and it could only be decided by experiment. Perhaps 
Mr Douglass could give some further information derived from 
experiments as to the relative transmissibility of hght of the 
same colour from a larger area less intense, or from a smaller aiea 
more intense. 
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On New Standard and iNsPECTi'ai-r..-^ 

Instruments^, 


Measuiung 


[From>Soc Tdeg Eiig'is Jown VoL xvir. [May 21, 1888], 
pp 540—656, and 666, 667 ] 


The general principles and many of the detailH of the 
instruments placed on the table for the inspection of the mooting 
axe already well known, having been described m the olcctrical 
journals. It has been considered, however, that there are monibors 
of this Society who might like to see some of tho instruments 
themselves, and to have a few explanations, which I may ho able 
to give personally, regarding details that have not hitherto heoii 
published ; and that is my excuse for bringing before tho Society 
a subject of which so large a part has already been published and 
is known to members of the Society. 


All the instruments which you see on this table fall under 
the designation of standard electric measuring instruments, and 
all except one depend upon Ampere’s discovery of tho mutual f 
action between fixed and movable parts of an electric circuit, 
The one instrument which I except is that which I hold in my 
hand — a portable marine voltmeter or milli-ampore motor. This 
instrument, for mstance, is a milli-ampero motor as it is now 
before yon, but with the addition of resistances wound on the 
tubular guard surrounding the stretched wire (which I shall 
describe presently) it becomes a voltmeter. Et^sistanoos amount- 
ing to about 930 ohms of platinoid wire wound upon these 
cylinders render the instrument a voltmeter, capable of moiisuring 
through a range of from 90 to 120 volts. 


In enumeratmg the standard instruments 1 said that with 
one exception those to be explained this evening are founded 
upon Amperes discovery, and all come under the designation 
of ^dard electnc measuring instruments. But there is 
another instrument on the table, which I shall at this time 
• [See also Nob 209, 210, 218, 214, 216 supra.] 
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merely mention— a magneto-static current meter. This type of 
instrument I use as an adjunct to the series of standard instru- 
ments because it is exceedingly useful in extendmg the scale 
above and below the range of any one of that senes Two of the 
magneto-static species with one of the standard instruments give 
the means of measuring currents through the whole range from 
one milli-ampere up to several hundred amperes. 

I shall briefly describe the marine voltmeter before passing 
on to the other standard instruments. It consists essentially of 
an oblate of soft iron suspended m the centre of a solenoid I am 
sorry that I am not able easily to open up this instrument m 
order that you may see the intenor, but I may tell you that 
I have a more recent instrument fulfilling exactly the general 
descnption I shall give of this type, but with somewhat more 
convenient mechanical details, in which, by simply taking out a 
screw, I can remove the cap and show you the working parts. 
The resultant action between the electro-magnetic force due to 
the solenoid, and the oblate of soft iron with its equator oblique 
to the lines of force, is a couple , and that couple is balanced by 
the torsion of a stretched platinoid wire on which the oblate is 
mspended, the platinoid wire being kept stretched to about one- 
jhird its breaking weight by two springy arrangements at its two 
mds. The sketch on the board represents the type of an instru- 
nent which is being made in Glasgow. In that type the bobbm 
s divided for convenience, the ground plan showing two halves 
)f the bobbin, which can bo put together with great ease; between 
hem there is a hollow cut out, sufficiently wide to let a fine 
flatinoid wire pass down through the centre, bearing in the axis 
if the solenoids an oblate of soft iron The instrument before 
^ou is constructed with a single bobbin, and has on that account 
omplicated details which I need not now speak of, because 
believe that I shall abandon them altogether, I feel confident 
hat I shall not adhere to the type of single bobbin, considering 
he much less simplicity that it involves in the more delicate and 
ital part of the instrument, viz., the suspension of the oblate and 
tie index-needle, which in the new form will be lighter, and 
ierefore better adapted for working at sea, and less liable to 
amage firopa any very rough usage that it might experience in 
irriage on shore. To explain the principle of the instrument, 
may remind you that, as Faraday long ago showed, a long bar 
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of soft iron tends to place its length along the lines of force in s 
uniform field of magnetic force , an oval or a flat disc tend 
to place its equatorial plane along the lines of force. I had t 
choose between an oval and an oblate, and I found that the oblat 
was better — that a larger magnetic moment was available in th 
circumstances by choosing an oblate than by choosing an ova 
In the oblate used the equatonal diameter is rather less tha 
a centimetre, the polar diameter rather less than half of tha 
amount. The tendency of the oblate to place its equatorij 
plane m the direction of the lines of force of the solenoid, is th 
force due to the electro-magnetic action, which is balance 
mechanically by torsion m the use of the instrument. Th 
principles upon which I was led to the choice of this configuratio 
of iron depended upon the circumstance that when we do not us 
excessively high force in the magnetic field, so that the magnetisf 
tion of the iron shall be very far shoii) of saturation, a figure < 
a short character, in which there is no one diameter very muc 
more than twice as long as any other diameter, is much loi 
disturbed by magnetic letentiveness than an elongated figur 
In the instruments of this class the electro-magnetic force is vei 
nearly in exact proportion to the square of the strength of tl 
current, which is rigorously the law of the Ampfere-force used i 
and in that respect they bear very much resemblance to, tl 
gravity-balance mstruments, by which the highest possib 
accuracy is to be attained. On the other hand, in instrumen 
of the class to which Ayrton and Perry’s ammeter belong 
the force is more nearly in simple proportion to the strong 
of the current, owing to iron being used nearly in a sta 
of saturation. These details will no doubt bo interesting 
some members of the Society, for all are scientific enough 
know that consideration of details is of the very ^ essence 
success in practical work. The elements of electrical ai 
mechanical science — -rudimentary drawings of levers, Bprin^ 
solenoids, and magnets — are valuable, but without the applicatii 
of physical science in the construction of electrical instrumer 
— without consideration of the qualities, both electrical aj 
mechanical, of the matter involved in the design of the details 
the mstrument or piece of apparatus will not answer its purpoi 
and it is really the working out of such details that is the li 
work of anyone who is engaged in practical science, 
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I Wish to point out one difference botwoon tluH iiiHtnunont 
and the type now being made. In this spocios of iristrumunt tlio 
torque* due to the electro-magnetic action is balaneivl by tlio 
elastic torque, or the torsional couple, as it is more commonly 
called, m this twisted wire. In the instrument befuri* you wt' 
have a latent zero, and to verify the zero I must undo tht' 
torsion by turning the toraion-hoad accordingly. I’lio range of 
the instrument is essentially limited. As it stands just now 
it IS made to road from 90 volts to 120 volts. Imloed, it is 
impossible to make this a very satisfactory l<nii/-ranf;t) instru- 
ment, except by graduated lesistance-coils. I'ho noodle is 
not allowed to come to the zero at all ; and my reason for 
that IS that it was only so that I was able to eliminate practical 
error from chango of zero in the (sopper and platinum wires 
which I used until lately, when I adopted platinoid 'I'he 
elasticity of fine platinoid wire has proved so good that, aftiu’ a 
year’s use of the instrument continuously in the ohuitric liglit 
circuit of my house, I found, on testing it by an absolute 
standard, that the latent zero had not changed more than 
cne-fifth per cent, in its effect on the indication of strongtli of 
lurrent, I found, in fact, no aensiblo variation what, over when 
[ took the twist out and verified the zero, afterwards replacing 
}he twist. We all know that the ponnanonoo of thu eluHtieit-y of 
this piece of wire may bo considered as quite perft'ct; so that 
now or a hundred years hence, or oven as many million years 
hence as would give the earth a very different gravitational 
Force, this wire will remain constant. So that in ono respect 
jhis portable marine voltmeter is a more constant instrument 
hr all time and for every place than any gravitational instru- 
nent can he. At the present timo gravity differs notably in 
iifferent parts of the earth, being one-half per cent, loss at tho 
iquator than at tho poles. But for all practical purposes you 
nust feel that gravity is the most constant force we have to 
leal with; although, looking at the elasticity of metals, and 
ooking forward a sufficient number of millions of years, it is 
lomething interesting to know that the elastioity of a piece of 

* The word "torque," Introduced by my brother, Profewor Jm. Xhomeon, 
Iten saves a great deal of awkwardness, and ts eioeedltigly oonvenlent when wa 
lave to speak, not of a oouple of foroes, but of a system of elastio or othar foroM 
alanoeable by a Polnsot oouple* 
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metal is a more perennial standard than gravity itself Either 
elasticity or gravity may therefore be considered as practically 
quite perfect, provided the material of the spring does nob alter 
in any way by becoming rusted or by evaporation going on, 
but retains its qualities unchanged from age to age The 
marme voltmeter is really an accurate and standard instru- 
ment, while it is perfectly portable and bears the roughest 
usage. The platmoid-wire spring has been kept stretched 
for a considerable time, and heated to the temperature of 
boilmg water, and after such treatment — or ageing, as we may 
call it — the mstiument preserves its constancy, and we find 
that turnmg it upside down, knocking it roughly down on 
its side, or carrying it m a cab through a rough street, 
does not alter the indication at all. But if even still more 
rough usage, or long-contmued rough usage, or accident, should 
alter the mdication, we have a ready means of adjusting the 
zero, even in this form now before you (and still more easily 
in the improved form), and so can absolutely reinstate it as a 
standard instrument at any moment The two things that 
require constancy to render this a perenmal mstrument are the 
oblate and the platinoid wne These are constants that we 
regard as practically absolute, so that from generation to 
generation that little mstrument will really be a standard 
current meter 


This instrument has not yet been much used at sea I have 
not pushed it forward, because I have been anxious to satisfy 
myself as to some of the mechanical details , but an mstrument 
exactly like the one before you has been in use on board one of 
the State Line steamships (the ''State of Nevada’"), and has now 
made five or six voyages across the Atlantic, between Glasgow 
and New York In the first four voyages it saved breakdowns, 
from over-mcandescence, estimated at about 30 lamps, and fiom 
that time forward the consumption of lamps has been very much 
less than formerly. 
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The other standard instruments now before you are all d 
founded, as I said, on the mutual forces between the movable and - 
fixed parts of an electric circuit. I will take these instruments s 
in order, begmnmg with the one adapted to the measurement of - 
the smallest current. The useful range of the first mstrument of 
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the HoritjH — t,ho ci'nti-ainpero* balance — is from 1 to 60 centi- 
amporcH. Thu iu‘xt instrument is tho deci-ampore balance, a 
specimen of whic.Ii is now before you. The centi-ampere and the 
deci-amperc balancos are (puto similar in appearance, the differ- 
(tneo being entirely in the number of turns and tlie thickness of 
the wire in tlu\ coils. Tho iiwlrumout now before you may be 
taki'U as repres<'n(ang the duci-amporo or the centi-ampere 
balance, but the typo which is made now ditfoi's somewhat from 
tlu' type befori' you. 'Pho typo before you would not bo improved 
by tlu' <liftert'nci' if it wore to be used solely for currents in one 
direction; but if iti wm’o to bo used for alternate currents, tho 
copp(ir bobbins on whiidi, as you seo, tho wire is wound, and 
the thick double-sheet, copper constituting the sole-plate and 
frame of the instrument, would, by tho currents induced in them, 
iutiwfere very seriously wit.h tho indications. Accordingly, for 
th(' instrumt'uts to bt' usial for t,ho measuroinent of alternate 
cumints, tho tyjie, while it is exactly the same in principle as 
that instrument,, is like anothor of the instruments on the table 
before you — the <leka-ampere balance — in which we have a slate 
haai'. Passing over tlu* ampere meter for a moment, tho range 
of tho duka-aiupen.' meter is from 2 to 100 amperes. This is a 
tyiK' of which a consiilorablo number were made for Sir Coutts 
Linilsay and Conifiany for tho Qrosvonor Qalltfry installation, at 
bha reipmst of Mr Ferranti. Tho dcci-amporo meters and the 
doka-ampoit) meters of this typo have been made for the purpose 
of being available for albornato as well as for direct currents, and 
therefore they have a slate base, and slate cores and slate ends for 
the coils, instoafl <»f copper; but in other respects the arrange- 
ments are the saino as in tho instruments shown. 

I will nob weary tho Society by going too much into details, 
and pass ovur without further reference the principle of 
these instrumonts, because that, I think, you all understand 
already. In each type of this aeries of balance instruments, 
except the hekto-anipere and kilo-ampere balanoes, the movable 
part of the circuit oonBiata of two ooils, one carried at each 
end of a horizontal balance-beam, and the fixed part oonsiats 

* Tlu Frtnoh nom«aolatar« is, whkttver ola,B«loBl oritloa may ssy of it, sxoeecl- 
ingly ooavenitnt and vala&bla— tba Latin nnmsralt for tb« tnb.mnittplos, tbe 
Chrwk ntuntnUg for th* mnltlplM— ulUi-ainpere (the thonundtdi of on omp&O), 
the atntb^mpKr*, dokn-aminrs, hokto-unpero, and kilo-»inp«!9< 
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of four fixed coils placed one above and one boltiw each mova 
coil 

Look at this instrument. The niovablt* coil hero at oiu* i 
of the balance-beam is attiacted down by the coil bc'Iow it a 
repelled down by the coil above it, whilo al, thit sanu' timo I, 
movable coil at the other end of the balanei'-boam is iitt.racU'd 
by the coil above it and repelled up by tho coil below it, '' 
have thus two movable and four Jixed coils in this type 
instrument, and the advantages so obtained cannot bo had w 
anything simpler. We might take away tho two upper fix 
coils, and leave only the two lower coils, but a slight change 
the height of the axis of suspension, as might bo due to a sli^ 
stretching of the suspension ligament, would introduce a Hensil 
error m the use of the instrument. On the other hand, we. hn 
a place of minimum force for tho middle position of eu 
movable coil between its two fixed coils, and by choosing t 
sighted position of the index to correspond vory nearly to the jiln 
of mimmum force we have a condition of things suited to gi 
the highest degree of accuracy in tho results. I may just gi 
you an illustration of the practical accuracy atul handiiu 
attained by this anangement. As a practical matter, i 
ambition has been that boxes passing from tho workshoji of r 
instrument maker, Mr White, should bo labelled '‘Glafl8--wit 
out care, any side up” That is the ideal, but wo are ve 
far yet from having attained it; and although any of the 
instruments when packed may be turned upside down, soinoht 
or other there are a number of mischances that do happen, ai 
which cannot well be guarded against. One of those instrutnon 
carefully packed m a box marked “Glass — with care," sent throui 
the Belgian Custom House, arrived broken, and it was return 
to Glasgow with the balance-arm bent and other serious injui 
which showed that the damage was not due to the breakdown 
the suspension ligament or anything of that kind, hut that t, 
box contaimng the instrument had probably simply been lot fi 
upon a stone floor in the Custom House, and been subjeotisi 
^relMsly rough usage. The arms were simply ro-stmighU-nc 
the balance re-suspended, and everything replaced by tho instr 

“y laboratory ami toHto 
with the result that it was found to agree to within onu-twentiel 
per cent with its indications before it met with tho aocidai 
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giving that very diHintogmUng rough usage. Now that kind of 
(iccumcy can only lio attainod by working in t,ho neighbourhood 
of tlu) minimum or maximum. 

ifi'ro ale a fi‘W particulars as to th(' ri'HistancoH, numbor of 
turns, and so on, in the coils. 

In the ccnti-ampcro balanci', of which the range ia from 1 to 
50 conti-amp»>res, t*ach movable tsiil contains 440 turns of No. 30 
copper win', resistancu li)‘(i ohms, say 20 ohms (it doponds on the 
temperature, of course); each of the four fixed coils contains 1,296 
turns of No. 2(5 cupper wire, resistance 30 ohms; total resistanco 
of the instrument, I (51 ohms. That is a largo rosiatancQ, but to 
have a standaid instrument for measuring such small currents 
I do not Hi't! any way of doing it. without a largo resistance ; and, 
after all, it does not take a grt'at numhor of colls to give tho 
current, and in most places whoro tho instrumunt is used there 
is sufHcient jiowit to give tho electric potential for tho useful 
current. 

Tht' de.ci-Hmport‘ balance, with a range of from 1 to 60 deci- 
amperes, has a total resistance of only 2 ohms. Tho two movable 
coils have each (54 turns of No. 17 copper wire, resistanco ‘18 
ohm, and tho four fixed coils each 1(56 turns of No. 17 copper 
wire, resistonco ’428 ohm in each ; total resistance of tho instru- 
ment. 2'072, or say 2'0 ohms. Tho deci-amporo balance has a 
great advantage over tho centi-amporo balance; for, although 
founded on t'xactly tho samo principles, thero is in the former a 
far smaller proportion of space occupied by insulation, and a much 
largor proportion of spaco occupied by copper, in the vital part of 
the instrument ; and thus we have a much more than proportion- 
ately small insulation, if wo calculate the proportion of the 
dimensions on tho idea of the different instruments being exactly 
similar. Tho ilifferent instruments are essentially not similar, 
because of tho insulation being necessarily so much thicker in 
proportion with fine wire than with thick wire. 

The ampere balance here before you is of the newest type, and 
ia not adapted for the measurement of alternating currents; but a 
like instrument, slightly less advantageous, can be made for that 
purpose. Its range is from '6 ampere to 26 amperes. The two 
movable coils eaxih contain 10 turns of copper ribbon 1“2 centi- 
metres broad and 'll oentimetre thick, and four fixed coils each 
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contain 37 turns of copper ribbon 1'8 C(mtiiuotr(‘.s brmid und ’ 
centimetre thick, the total resistance of tins instruinont hoi 
about 18 ohm. The insulation of thoHo (‘oils is very fi 
paiaflSned paper, which takes up excoodinf(Iy litth' 

In the hekto-ampeio balance and in the kihf-aiiiporu bftlnii 
I have dispensed with one feature of importanee witli reform) 
to the very highest accuracy, !Uid tliat is the coiiiplete a' 
thorough realisation of the minimum prineiple. In these i 
have a single coil — a single rectangular ring rather, not n eoil 
of copper, movable, and a fixed rectangular eoil tu' ring of copp 
below it In the hekto-ampere balance tho fi.xed ring eonsisfjH 
10 turns of thick copper ribbon insulatod from one iuiotlu'r, ai 
the range of measurement is from 10 to 600 amperes, In tl 
kilo-ampere balance, whoso range is from 60 to (60 x 60 a)2,6( 
amperes, the fixed coil is made up exactly as in tho hokto-ainpe 
balance, with the differeuce that instead of in.snhiting jiapi 
between the turns they are soldered togi'thor and the whoh* forn 
a smgle ring. This method of making tho fixed ring was adopU 
because we found great difficulty in getting forgings or niistinj 
of copper of these dimensions. Tho very first instruim'nt of th 
kind, which was made to the order of Moasrs Paterson and Coojh' 
had for its fixed rectangle a forging of copper; but wo hn 
to wait a long time for it, and, when it came, the forgin 
was not very satisfactory. I have therefore come to the coi 
elusion that, for the present at all events, it can bo made mm 
easily, and with more certainty of a thoroughly sntisfaofcor 
result, by making it of a copper ribbon and soldering th 
different turns together. I willjust say a word or two regardin 
the construction and action of the hekto-ampere balance and of th 
kilo-ampere balance. Imagine a rectangle of copper about 2 
centimetres deep by 1^ centimetres thick, movable about an axi 
through Its centre and parallel to its shorter sides, and imagine 
cu^ent entering by the middle of one of the longer sides, dividin, 
between the two halves of the rectangle and coming out at th 
ncuddle of the other longer side: that is the movable part of thus, 
^niments. On the other hand, the fixed coil of either insfcru 

onA^ri^ current passes through it ii 

one Wkon once round in the kilo-ampere balance, ten time) 
round m the hekto-ampere balance. Thus it is evident that tht 
c.rr«.t of ,ho oo.l ..trac 
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that aide of the movable coil, while the cuiTent through the other 
aide, going in the opposite direction, repels the current in the 
movable coil, so that the movable coil is tilted m the manner of a 
balance-beam. It has been advisable in this case to give up one 
part of the principle for highest accuracy, because it would make 
it so very cumbrous an instrument to carry, and because the sus- 
pending ligament is very short and very powerful, so that there is 
exceedingly little liability to error due to possible change m its 
length; and therefore I ventured upon the simple form and 
arrangement which you see. 

There are two or three details which I am afraid I must pass 
over, i\B the hour is so very far advanced, but just a few words 
with reference to the ligament, which is, after all, the key of these 
instruinonts, as everything depends upon it. There is nothing 
new in the principle of action of the instruments, but some of 
tlio details of construction have involved a good deal of considera- 
tion, and have only been arrived at after a vast number of 
unsatisfactory attempts in various directions Instead of knife 
edges, flexible connexions for introducing the current to the 
movable parts of the circuit are used, and the whole weight of 
those movable parts is borne by the flexible oonnections Weber, 
I think I am right in saymg, made an ordinary balance with 
flexible springs instead of knife edges. And we all know the 
admirable use of the elastic suspension m the pendulum of the 
common clock, and of the astronomical clock— the instrument of 
the very greatest accuracy that exists in the whole range of prac- 
tical science : in the astronomical clock the elastic suspension is 
found practically superior to supporting it by knife edges. I will 
not say whether ordinary chemical balances may or may not be 
made more advantageously with suspension ligaments than, as now, 
with knife edges ; but for electric current-measuring instruments 
of this kind, in which, besides bearing the weight, we have the affair 
of introducing the current from a fixed coil to a movable coil, the 
elastic suspension has great advantages. Well, after trying copper 
ribbons, and finding exceedingly unsatisfactory results through 
buckling, owing to the impossibility of getting the force uniformly 
distributed through each broad ribbon, I saw the desirability of 
trying narrow segments of ribbon, and thus developed the latest 
ligaments, which consist of very fine copper wires about f centi- 
metre long, lahi close aide by side, and numbering from 10 up to 



670 


SOCIETY OF TELEGRAPH ENGINEERS 


1,000, according to the different typos of tho ixiatruinout* Th 
number m each ligament of this kilo-ampero balanco before yo 
IS 800 The hgament is not seen on account of tho ntrongthtuiin 
guard which is fixed across the middle of tho instrinnont, coverin 
the hgament itself altogether and providing agiunnt I’ough UHug 
and chance of injury. To make this instrument portable a piec 
of brass is put in beside the ligament, and two screws are scih'WO 
down so that the whole weight of tho movable coil is taken o 
the hgament, and the fixed coil is screwed firmly by thcj divide 
trunnion against this bniss plate. 


I have only now to say,m conclusion, that there is on the t^ibl 
before you a set of instruments capable of moiiHUring contiimouHlj 
and each adjustable by comparison with the one below it, throng 
a range of from one milli-ampere up to 2,600 aniporoH, or th 
ratio of 1 to 2,500,000. It is exceedingly convenient to hav 
absolute standard instruments through so wide a range, bn 
most people will be perfectly satisfied with a much less rangt^ ( 
standevrd; and accordmgly I should just call attention to th 
range that we get by a deci-ampere balanco rtinging from 1 to 6< 
deci-amperes, a milli-ampere magneto-static instrumont, and 
deka-ampere magneto-static instrument, to oxtoiul tho range c 
accurate measurement down to one milli-ampero and up to 6' 
or 100 or 200 amperes* 


I have here a magneto-static instrument which is very con 
vemently set at one ampere to the division, but it may perfect! 
readily be set at either two amperes or half an ampere to th 
diwion The index needle is carried by a siJk-libre susponaior 
and those who know the constancy of silk-fibre suapenaion h 
the laboratory would not willingly give it up for anything el« 
s owe t 18 instrument at the British Association meeting a 
Manchester, and proved to the meeting the vezy rough usage i 

might sufffr, witfou 
breakmg the fibre. The glass will break, any part will breal 
before the suspension gives way ; but the fibre will wear. I hav 
learned from experience that a railway journey from Glasgow t 
Won . very apt to out the fibre, though I leCTtkl 
years usage ^n situ would scarcely wear it out. According]' 

^ in putting on a prone 

guard for the suspension, to make it perfectly portable and Lndy 



STANDARD OURUENT WEIGHERS 


6V1 


1888] 

but that trouble being taken, the fibre shows no tendency to 
break down, and is perhaps as perennial as any part of the 
instrument. We can adjust the zero m an instant, and the sensi- 
bility can be readily altered by raising or lowering the magnet, 
which may be securely fixed in any position by its clamping 
screws. An inspectional instrument readable from one to TOO 
times one is, I think, practically only obtainable by the magneto- 
static method, and therefore, though this is not a standard 
instrument in itself, it is yet an instrument that is a very useful 
adjunct to absolute standard instruments. For a large variety of 
laboratory and practical purposes an equipment of useful instru- 
ments to give the moans of measuring, within a quarter per cent,, 
any current whatever, from a milli-ampere up to 100 amperes, 
might bo as follows:— The deci-ampere standard-balance, for 
stronger currents, a magnoto-statio instrument with a coil 
consisting of a single turn of thick copper; and for smaller 
currents another magneto-static instrument on exactly the same 
plan, but with about 300 turns of very fine copper wire. With 
these three instruments the range from one milli-ampere to 200 
amperes is very readily obtained ; the magneto-static for stronger 
currents being standardised by the deci-ampere balance at the 
top of the deci-ampere meter^s range, the magneto-static for 
smaller currents being also standardised by the deci-ampere meter 
at the bottom of the range of the deci-ampere meter. 

With reference to the vertical scale voltmeter, it is designed 
for use in an electric light station, or at any place where it is 
desired to have an inspectional potential meter of the highest 
accuracy. The instrument before you is of the earlier type. I am 
sorry that I am not able to show you the most modern type, 
but one is at present in the Glasgow Exhibition as part of the 
exhibit of my instrument maker, Mr White, of Glasgow. In the 
instrument now before you one movable coil is repelled by one 
fixed coil ; but this construction I have modified to one movable 
coil at one end of the balance repelled down by a fixed coil, and 
another movable coil repelled upwards by another fixied coil at 
the other end of the balance. I departed from the simple con- 
struction because the instrument threatened to become, not a 
pure electrical measuring instrument, but the measurer of a 
compound quality partly dependu:^ upon very oomple^ oonsxdera^ 
tions of temperature and qf mokture of tb$ eln and only partly 
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compass have tried again and again to effect this annulment, 
and among others Mr James Napier — one of the sons of Robert 
Napier, of engineering renown — endeavoured to bring about this 
result. I questioned him about his expenence with the Flinders 
bar, and said • “ If that bar gets a kick from anyone's foot when 
the ship is heelmg over, its magnetism will be reversed, and the 
compass will show a permanent change when the ship is upnght 
agam” , and I might have added, '^particularly if she is on an 
east or west course." He answered, ^^That is just what we have 
found" , and a long tkm bar really is exceedingly subject M the 
disturbances to which Mr Qrmville has alluded. If you take a 
long bar of soft iron in such proportions as tips pen— of length 
more than twenty times its diameter (a common domestic, poker 
answers well)— and hold it vertioa^y, or, better, parallel to the 
terrestml magnetic force (the lum of ''dip"), and place a podcet 
compass near one end of it,^you ^^l' See^AJ^endidly intereeling 
results. First, you will generally 

as with '' blue magnetisn| " {wWh - ^ sime . the 
netism of the north pole)r ^uid the j'^red/^ - 

you inve^ it very ;g!®ntly yoti| ^ 

was upper st|ll 

if vpu -now' *^“5 
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retentiveness — no effect sensible in comparison with the direotiv( 
effect of the earth’s magnetism on the compass. I simply adoptee 
that pnnciple — shortening the bar — for electric measuring instru 
ments of the marine voltmeter class. The practical result is that 
until a current of two or three times the strength of the greatest 
current provided for is passed through the marine voltmeter w€ 
find no signs of retentiveness. If I work from zero up to 120 
miUi-amperes m this instrument, up and down, and with reversed 
currents, I find no signs of retained magnetism ; but a current oi 
two or three hundred milli-amperes leaves a large effect of residual 
magnetism, which, however, is easily shaken out by turning the 
little reversmg key which forms part of the instrument. 

I have to thank you for the patience and kindness which you 
have shown durmg the time I have been addressing you. 
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On an Alteenate Oueeent Geneeatoe. 


[From Discussion or W. M, Mordhjy’b Paphr in InsUt. Eteo, Engra, Jouni. 
YoL rvin. [May 30, 1889], pp 667, 668 ] 


Befoee calling on Mr Mordey to reply I may perhaps be 
Jlowed to make a few remarks on his beautiful experiments in 
he case in which two alternators, one with a potential of 
1,000 volts, and the other 1,000 volts, are coupled in parallel 
["he secret of the surprising result of this novel and original com- 
bination has not, I think, been quite touched by either Mr Mordey 
limself or any of those who have spoken in the discussion, except 
Kapp. The 600 volts difference of potential would, not- 
^ithstandmg ohmic resistance and impedance by self-induction, 
broduce current in the circuit of the two armatures vastly 


;reater than any that Mr Mordey has found in his experi- 
aents, without some equalising influtoce which has not been 
dtherto suggested except by Mr Kapp. To find what this 
nfluence is, suppose, for simphoity, the ohmic resistances of the 
rmatures to be zero, and Suppose the two armatures to be simply 


oined in parallel, ready to do^ wo^k but not as yet^ 8^ 

0 do it, Thus M have ^ 

?he two shafts might life' 
ynchronously in sucl^ relative posi4i&t|5» 
crces of the tt^o armatUJ^^ ^ ootusp^fe^ ‘ih ‘ 


crces or tne uwo armatures ^ 

',600 volts would prodTjofe $ $4^ 

aduction could dfo' j ? tW 

normously pull d^*^ ^ 

he field 
he weakH^hf 
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maantamed by rigid mechanical connection between the two 
shafts. But, m Mr Mordey’s actual exporiment, the two shafts 
are free and independent, and they therefore "fall into step” 
co-phasally for parallel working. Their electromotivo forces 
become thus exactly opposed in the circuit of the two armatures, 
and would yield exactly 500 volta as working E.M.P., if the two 
field magnets remained unchanged. The ohmic resistance being 
still, for simplicity, supposed zero, the phase of the current kept 
going in virtue of the B.M.P. would be a quarter-period behind 
the phase of the E.M F. Thus the maximum of the current would 
be at the instant when the nine magnetic fields are in the middle 
of the apertures of nine alternate armature coils, and the direction 


of the current would be that tending to demagnetise the iron 
prongs of the 2,000-volt machine, and to augment the magnetism 
of those of the 1,000-volt machine. Thus (the period in Mr 
Mordey’s experiment bemg a 100th of a second) two hundred 
times per second, the former experiences a demagnetising, and 
the latter an enhancing, magnetic force. The prongs are of 
continuous iron, and there must therefore be ample self-induction 
to prevent any considerable change of magnetisation in the 200th 
of a second pmod of this varying magnetic force. Thus the 
magnetic fields are kept, one of them weaker, and the other 
stronger, .than they were before the armature circuits were 
connected ; ^ and I believe so much weaker and stronger as to 
reduce the electromotive forces of the two to very near equality. 
If the iron of the 2,000-volt machine is nearly saturated, its 
magnetiam would be less diminished than the other’s is inoreaaed 
and the resulting e.mf. might be nearer 2,000 than 1,000; but 
Mt Mordey haa found it to he actually very near to 1 600 A ‘ 
turns of insulated wire round one prong of either machine ‘ 
canted to a ballistic galvanometer, would give a ready meam! ; 
of testing the suggested changes of magnetisation. 

’ *0 W7. except I 

dp TOb to be alJowod to join ip ibe imml and I 

Z >' ‘it® put bafow uf by | 

Wo at. ,U ,du,„„ o, U, | 

goaOTte. Wa h»va nolt bafora o. ftr tba'I 
6M ^ Jfaday-^t «n|i 
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On the Early History of Submarine Cable Enterprise. 


[From Remarks on Retiring prom the Presidential Chair, m Inst Elect 
Engre , Joum , Yol. xrs. [Jan, 9, 1890], pp 2^6 ] 

Gentlemen, 

Before retiring from the Presidential chair of the Institution 
of Electrical Engineers, I should like to say a few words with 
reference to the ongin of our Society. I feel that at this stage 
it is good for us to remember that this is not a Society merely for 
electnc lighting and for the electrical transmission of power* 
The magnificent spring of energy which within the last six 
years has been immment, and which is now beginning to be 
active — which has been active during the pa^st year— makes us 
for the time almost forget everything but electnc lighting. 
In fact, we have almost forgotfeen th^ transmissian of power in 
our zeal for electric bghting^^ ^d^a sul^eot to be seriously oon- 
sidered i^ how far^ th^ ^^t jl^^eins of central stations and 
^ undergrouiMf ^ 

three mrnutes, ^t$^(| 

’hntTC do wiph to'jC^^'lil 
electrical ^ 

. iioWWy *o sulitiaSraife'*'^ 
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and so valuably m line with us, m tlio work of the Institution. 
One might almost have begun to be afoud that our old friends 
the ocean telegrapher wcie going to dcsort us. Those of us 
who have come more lecently into this Society, and who have 
been connected more with tho newer devolopments to which I 
have refeired, would be exceedingly sorry to lose our .lasociation 
with the founders of the scientihc cnteiin'i.so which has led to 
such beautiful results 

I am sure you will all be very glad to soo with m here this 
evenmg Sir James Anderson, who commanded tho ‘'Groat 
Eastern^’ for the tremendous feat of laying and lifting cables 
in mid-Atlantic in 1865 and 1866 

The Institution of Electrical EngmoerB has for its province 
practical appbcations of electricity and allied branches of science. 
But science, whether of electric instruments or of nautical 
operations, or of the heavy engineering woik of stress and stiength 
of mateiials and machines for working AVith cables in depths of 
from two to three nautical miles, cannot go on without the smews 
of war , and I feel that those who have supplied the sinews of 
war, and have stood by from the beginning of the submanno 
cable enterprise up to the present time, ought not to be forgotten 
by an Institution of Electrical Engineers. I had myself the 
honour of bemg a shareholder in the first Atlantic cable of 1 868. 
I had the honour and pleasure of having Jis a co-diroctor Mr 
Pender, now Sir John Pender We did all wo could in 1867 and 
1858 We laid a cable a fifth of the way acims in 1857, then a 
cable the whole way across in 1858 A great many people do not 
know that m 1858 there was a cable complotod across the Atlantic 
to Heart’s Content, in Newfoundland, and that messages wore 
transmitted through it for three weeks — soitio exceedingly 
important public messages that saved many thousands of pounds, 
as countermanding the moving of two rogiments ordered over 
from Canada to help to quell the Indian Mutiny* The return of 
those two regiments from Canada wtxs connt('rmanded bewinso 
the Mutmy was already quelled while they wore still under orders 
to leave for India I remember the words being spelled out — 
''To the Mibtaiy Secretary, Montreal — The 60th Regiment is 
not to leave, the 61st Regiment is not to leave or words to 
that effect I know it was to the Military Secretary; I am 
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Huro thi‘ (i0l.h was oiu' <if two The return of 

Uu‘ r(‘t,nmouts wius t‘tVi‘(‘tivoly counti*riiuuuliHl througli this cjiblo, 
the v(Ty (‘Mstonoo <>f wiio'h so<Mim io bo r<\tjartli‘d us a myth. 
Amouf^ht tlu‘ iUr<‘(^toiN of that onl-orpriHo Mr Ponder lomamod 
fiom 1H5H to IiSiio. I mysidf, 1 am norry to sfiy, was abli^ to do 
tiothm^^ for t'ublo wt)rk Irom tho turn' of tlu^ failure ui lH5tS~r)9, 
except in otuisultjug and mlvisin^ UvS to di‘sij>iH, until my 
jussi.stanoo in tlu' naulicnd and uiHtnummtal work was calUsl for in 
jHtJn-UlJ. Without the pi'rsistont, stronuouH» and Holl-sacriticing 
dotmamnation ol Hindi men ns Sir tlohn Ikuidor and houu' of liLs 
c‘olloat>uos Iho luitorpriso wouhl havt' died — aksolutoly diisl. Cyrus 
Piidd, from tlu^ other Hide of tlu' Atlantio, lud|)i‘d to kemp it alivu , 
ho ]i;av(‘ 1 h* 1|) and nnjmlso whtu‘(‘ they wok^ rotpiirod ; worked with 
thosi' who did imt rotpiiu' nndvdfuMtion ; and ho, witli his Kiiglinli 
oolleaguos, imived the undmiakini^ in IH()5. 'Phon oanus tlu' sad 
and dri*adful <liHe(»ura^i^tmu'Ut in ItStio, wliou half tin; cable was laid, 
and tile "(Ireat KasUum” returned, liavin^ just nuccumded in 
proving that Sir Samuel ttuming'w and Sir danuvs Andorsona 
and my own belit*f was eorn’at*-that. it< was poKniblo to lift it. In 
18(15 tht 7 gidt tho broken end thria^ tunes from a depth of 
2,000 up to 500 fathoms from blie surfaco, and each time ib foil 
away by reason of broakago of the grapnel-rope. The third time 
of grapjiling— I think it was the third time— tho cable came up 
with the ropt‘ foul of tho grapmd. Tho grapnel was lot down a 
fourth time, ami brought up the cahU‘ onci^ more within 500 yards, 
wluui it again hrokis and tho ‘‘(h’t'at Kastorn’' n'tunicil We 
wore all dispirited in a smiHo, but nob discunraged. Thou, when 
we got back io Englaml, with a fri'sh prospectus drawn up on 
board tho “Croat Easti'rn” fur an entoqirise to make and lay a 
new cable to Trinity Bay in 1805, to come back to mld'-occan, lift 
the broken <md of tbo 1805 cable, and cmnplcio that cable also to 
Trinity Bay, the erisiH came, and the crisis was a financial one. 
Sm John Pmider gave a guamntce of a quarter of a million Blcrling 
for tho funds rmpiired to complete tho omterpriBo of tavo cables 
aiiroHs the Atlantic. Without that guarantee many and many a 
year would have passed before wo should havo had tho Atlantic 
croHHod by cables, and before ocean telegraphy would have had tho 
great advance it htw had. I repeat that a Society of Electrical 
Engineers has a double duty-— a duty to scienco, to got all the good 
it can got out of science ; a duty to satisfy those who pay for tho 
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work that the work is good, a duty to encourage thorn to bnng 
forward new work and to show that new onterprine has a chance 
to be successful 

It IS interesting m connection with the objects of this 
Society to consider something about how much inoru‘.y is spent 
m various forms of electrical entei’|)UBG I have in niy hand 
a table giving particulars of the land lines of Rnrope, 
North and South America, Egypt, Asm— including China and 
Japan— and they amount to 1,714,000 English land miles, a'he 
estimated value of all this work amounts to £51,728,500 Land 
line enterprise, according to this estimate — which is, I behove, 
substantially correct— runs up to about £62,000,000 Cable 
enterprise does not reach quite so laige a figure, but not far short 
of it. 107,547 miles have been laid by conipanioa — private 
companies in the sense of being companies got up by private enter- 
prise, public in the sense of being under the Public Gompanics 
Act The capital laid out is £36,000,000 The capital expended 
by the Government m submarine cables is £3,700,000. So that we 
have a total of £39,700,000, or within a few thousands of being 
£40,000,000 Suppose we speak of submarine enter prise alone, 
and compare it with electric lighting work. Electnc lighting 
looks very large now — it is large already, it is destined to be 
larger and larger, and perhaps before five or six years arc out a 
great many more millions may be beneficially spent in electric 
hghtmg and other allied enterprises. Still, for the present, it 
only runs up to £3,000,000 or £4,000,000 of capital spent and 
subscribed foi, in view of the great development of electric hght- 
mg, for which we are now promising such delightful results to 
the pubhc But we have actually at present from ton to fifteen 
times as much spent in submarine cable enterprise, and about 
thirty times as much spent m electro-telegi*aphic enterprise 
altogether, in electnc hghtmg. I think wc should consider 
this, and look forward to electric light work emulating, both in 
enterprise and the application of science, the great work of sub- 
marme telegraphy that preceded it. 

I must not speak of introducmg our new President. Dr 
Hopkmson might well introduce me, as I Dr Hopkinson. I 
have much regret m leaving the chaii-, but much pleasure, since 
I must leave it, m yieldmg it to Dr Hopkinson, 
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Rkmahks UN Tin*: Puksiuknt’s (Du J. Uuimcinhun) 
iKAUututAL Aunimss uk Maunktihm, 


I Fr^jju hut, PJltYn Juut'H, Volt \t\. [*hw, U, p 3f>, ] 


Mu Phrsidknt, 

I venl.uu* takt' t.hi‘ ituUabivi* in Huyirig a iXwv wurdn, 
for (iliin roHsoit, if for tio <Urht‘r; 1 am sorry I aliall not, bo proHout 
at our next whon, nt> doubt, thon^ will bo much ocoaBion 

for furthor discuissiou on tlu' vory important and interesting 
matter yon havi^ put bofon* uh. Dr lIopkinHiin has doiui well to 
omphiuiiH(‘ the iuarv<^I in nuttiro tliat is pruHonted by thoso throe 
motids, iron, nioktd, and oobalt* Faraday bing ago nhowed that 
there is oontinnity bi*twoon what ho called the forro-magnctic 
quality and the <limnHgnt^tie; lu^ Hht)wed that all bodies have 
Boiiu^thing of HUHC(‘ptibility to the niagnid which may not only 
comparisl with thin HUHt^eptibility of iron, but determined in 
abnoluto moiiwure ; ho that, for example, wo may get the numerical 
m(‘asure of tlu‘ absolutt' miHceptibility, negative or pOBitivo, of 
glass, or of biHuiuth, or of nntitnony, or of vegetable substances, 
a great variety of which were tiualitativcly experimented upon 
by lAiraday. A lurgtj field was then opened, which has not yet 
been snlticiently oultivattui, in determining the abBolute values 
of magnetic HUHCoptibiUtioH. But Dr Hopkinson has done well 
to emphasise the prodigiouH ditfcrenccs between those three 
substances, iron, nickel, and cobalt, and all other known substances. 
Faraday’s splotulid discovery of the universality of magnetic 
susceptibility would be delusive if it led ue to overlook that 
prodigious difference in degree — so great a difference that we 
must look upon it almost as a distinct property of matter which 
is possessed by the three magnetic bodies ; and it is really one 
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of the marvels of nature that tlierc should be tliree bodies 
differing so enormously from all others m a matter of Hiuih gri'.it 
importance as magnetic susceptibility. Much of t.lio projierties 
of iron which have been put before us by Dr llopkiiison is now 
and valuable produce of his own cxpeiiinental wm-k; ('.specially 
this last admirable discovery rogaiding the th(>rmal capacity of 
iron at temperatures of transition betwi'cii il-s inagiu'l.ic and non- 
magnetic conditions, and the manifestly inti'iiso iiU.orost with 
which his Address has been listened to this evening proves how 
appreciative the Institution of Electrical Engineers is of genuine 
science 


HiSTOEICAL REMAEKS on SUBMAEINB CABLES. 


fFrom /iwf Elec. Engrs Joum Vol xviir. [Fob 11, 1890], p, 863.] 

The Univeubitv, (Ii.ahoow, 
Fabniari/ Utli, 1800 . 

With regard to the remarks upon submarine telegraphy by 
Mr Preece, at the meetmg of the 12th December, IHSO*, which 
have just come under my notice, the following may bo of interest 
to members • — 

The first Atlantic cable was never coiled in tanks at Croonwioh. 
It was made, half at Birkenhead, and half at tlreonwich. The 
two parts were joined in one circuit for tho first time on boaid 
the “Niagara” and “Agamemnon,” at Queenstown, at the end of 
July, 1857, and I then got signals through it at something less 
thim one word per minute with the special instruments which 
had been prepared by Mr Whitehouso. When the cable was laid, 
in 1868, we obtained about three words per minute by hand- 
signalling, with my mirror galvanometer us rocoivor. during the 
three weeks of successful working of the cable. In this connection 
1 may quote the following extract from a letter of mine to 
the Athentmm, dated October 24th, 1866, and published 

* fTournalf p 844 * 
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Novenil)(*i iHtr, 1850 .—“A mode of operntiup; ho as to ohuvr Lho 
wiro rapidly <>(* ro.sidual (‘loc.tricitv, which I have worlc(‘d out 
from tlusiry, autl a phin for t(*lt*|(raphic resauviug iuHtrumcntH to 
tak<‘ tho luoHt full ailvautagc of it, which has rciauitly occauTod 
to me, allow me uow to fisd tsmlhhuit of th(‘ poHsibility of 
Hcndiug a distinct h'tter (‘very 8J m^cunds by mioh a cable or 
about JbJ woids p(T mmutc. 

It was the sissmd (lHf)5), and not tln^ lirht (1857), Atlantic 
cable tliat wan (’oiled in lankH at (Jrtamwich, and it wan in 
coniu'ctiiin with this (‘able that Mr Varlty and Mr denkm acted 
along with me. 

Varley and dtuikin and 1 wert» pm’fectly aware of electro- 
magnetic induetioni", and we were more pleased than Hurprisod 
wlum wi‘ found that, after having proiniHiHl to tlui company (ught 
words per nunut(‘, wt‘ aetnally obtaimsl, hy liand-Hignalling, with 
mirror-galvanomot(‘r as receiver, 15 words per minute through 
eac‘h of tlu‘ two eables (the secorul and third Atlantic cables), 
when tilt* laying of both across tho Atlantic was completed 
in 18()() 

* Cullvctrd Mathmatiuil and Phy»tcal 2*tipm^ Arfcitda i.xxvi. Vol, n. p. lOL 
t Bi'fl “llcmArkK tm tlie DiHoluu'KO ef a Ooiltul Bleotno Cable,’* IhitUh Asso- 
ciution 1H5G, Part U j or my (hlUcted Matheniatical and Phyniad Piipm^ 

VoL n, Aitiolo i.xxx. 
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Advantages of Transmission by Continuous Current. 


[From In>t Eho £lngr8. Joum, Yol. xx. [May 21, 1891], pp. 466—469.] 

One question occurs to mewith reference to both Mr Crompton’s 
and Mr Preece’s papers. What is the ratio of the number of 
muts of energy suppbed to and paid for by the consumer to the 
total produced at the generating station *in each of the two 
systems? When practical answers to that question are taken 
into account, I think the result will tell considerably in favour 
of the low-pressure direct-current system in all oases in which it 
18 applicable, and will lead us rather to stretch the distance by 
which we should prefer to choose it than give any bias in the 
direction of choosmg the other system. 

There is just one other point, and that is, the economy of 
copper in the conductors Ideas seem to be ripening towards 
carrying out low-pressure network, to be fed either directly 
by low-pressure feeders on the continuous-current system, or 
by high-pressure feeders with transformers on the alternating 
high-pr^sure system Now it does not seem to have been 
taken into account that in a low-pressure network we must 
have very large conductors to feed anything like a dense district, 
say any part of London Whenever we go above wire of perhapi ^ 
,2 or 3 centimetres— whenever we have a wire equivalent tdi 
confeuous copper of circular section exceeding 2 or 8 centimetres f 
on diameter— we have a veiy great loss of efflcienoy indeed over 
-the copper m the alternating-current system Take, for exampfo^ 
j^.altomatmg-current system at 80 periods per second. With 
: ^i^t^ippus copper wire of 2 centimetres diameter the effect- ei 
mteance of . the copper is less by 8 per cent., or tl^ 

; i&^TO^neeiPtaiice^the ahmie efect of resietaoee of the cemps ™ 

.then 


A'*-?. 

■I ; '■ '■ ;It 
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than with the direct current. If we take current at a frequency 
of 100, then 2*'7 centimetres diameter of copper would entail a 
loss of 31 per cent. If we take such a powerful conductor as that 
suggested in Mr Preece's paper, of a square inch diameter — that 
IS, round wire of 2*9 centimetres diameter — the ohmic resistance 
of such a wire as that actually suggested by Mr Preece would 
be nearly 30 per cent, more for the alternating current of the 
lower frequency — 80 — than for the continuous current. These 
things must be taken into account for estimating low-pressure 
networks. If a conductor for 600 amperes, consistmg of a large 
copper wire cable with a central strand of copper wires surrounded 
by six similar strands, were altered by taking jute instead of 
copper for the central strand, it would be found, with alternate 
currents of 80 or 100 frequency, that the cable with the jute core 
would conduct practically as well as the cable with the copper 
core. 


I may say I feel, on the whole, that there seems to be what, 
to my mind, is not quite a practically judicious tendency to rush 
to alternating current, and to give up the simple and convenient 
and direct system of steady current and low pressure. I cannot 
but think that if, irrespectively of division among comparnes, the 
whole of London were wotked out for electric light, there would 
nob be alternating current anywhere— there would be nothing 


but the loW^prC^Vve t ^ it is due to Edison to 

name his natfie ia I fo; | ‘ ^ ’ " 

system, which nine 
electric light, and ^ ^ 

sumption districts 
oi: more central 
the pressures 
I-ato perfeofeftrJsJt^^ oil 
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well as light, is destined to predominate, and ultimately t 
supersede alternating current for all densely populated districts. 

There is a common idea that it will pay to put the generatin| 
system at a distance of several miles away, in order to ohtaii 
cheaper coal and possibility of condensing water for the engines 
I think, if practical men consider the subject in all its bearings 
they will find that the few shillings per ton saved on the ooa 
IS far short of compensating the disadvantages of the more dis- 
tant station, and what has been done hitherto in the use oj 
condensing water, even when freely available, is, I believe, nil. 
I do not know of a single case in which triple or quadruple 
expansion condensing engines are used for electric lighting, even 
although the station may be on the side of a canal or river. I 
do not say it would not be a veiy great advantage if, by the use 
of an abundance of condensing water, we could get an economy 
equal to that of marine engines taking lbs. of coal per 
indicated horse-power per hour, instead of the 3 lbs, or 4 lbs. 
taken by the non-condensing engines at present in use. The 
varying loads durmg the 24 hours, and other specialities of the 
requirements for electric supply, seem, however, to render it 
impossible, at present, to realise practically in an electric light 
station anything approaching to the splendid economy of marine 
ei^gines. 

It is salarfactory to know that all' these details of engineering 
are in good hands; and we may look forward to better and better 
readts as the work extends. But I return to this : no great 
saving has ever yet been realised on the expense -for the same 
obtained by putting the generating station at a distant 
piaB«s. On the other hand, it is often difficult and expensive to 

g t a site in.fe mMdfe of a town, and it may be necessary orf 
A hftW to put 4he‘ Station a little way offi othet ooh.' 

ought to iveigh with engineers against ‘ 

^ p^lbld to wh4re the |%lt I 
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Eleqtrioal Measuring Instruments [Wattmeters for 
Alternating Currents]. 


[From Discussion on J. Swinbubnu’s Paper in Irat . Civ Engra Proa . 

Vol. ox. [April 26, 1892], pp. 62-64.] 

Lord Kelvin said it was, of course, impossible to present a 
borough treatment of the subject in so short a Paper, but as 
I record, or an index, of what had been done it was veiy 
omprehensive. The various principles that had been adopted 
or electrical measuring instruments had been touched upon 
a a fair and appre^ative spirit. The Author had remarked, 
?ith reference to his (Lord Kelvin’s) mitlti*cellular electrostatic 
oltmeter, "Thie instnjineiib' |iaa A horizontal dial, but it is 
irovided with a mirror,' sb &at thb* iea<lih|[s axe visible in 
font, if it js on the level Of' the- ’©yOs,”‘ Although by this 
oethod readittffs cduld "be’ taHh convenience, he still 

sit that, especial&y a 
b would be ah un^rOfsh^^f^Ml 
?ith, and the 
He tisbd; 
hly been 

hte its r^sfdlntfs'(^j|||y 
1j ^dtebaricis H 

1 anliv\Af4i m A 
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dead-beat instrument The Atithor's ramarka upon the subject 
of the measurement of electric activity wore very important, and 
ought to be taken to heart. There wa.s a general impression 
that a wattmeter for alternate currents was impracticable without 
a certam complication of scientific adjustment which the Author 
had described. The Author, Professor Ayrton, Mr Sumpner, 
and Dr Fleming had gone into the subject in a very thoro^ugh 
manner, and had brought out scientific developments of remarkable 
and interesting character. Ho novertheless heartily concurred 
with the Author’s remark~»It is, however, useless to employ 
complicated methods of measuring power when a simple one is 
better The prejudice against the ordinary wattmeter has no real 
foundation ” Let the fine wire coil of the ordinary wattmeter 
have a sufficient anti-inductive resistance in its circuit, to produce 
the result that the current through the fine wire coil should be 
nearly enough for practical purposes, the same as it would be 
were there no inductive impedance, and were there no effect of 
mductive action from the fixed coil upon the movable coil: these 
conditions being fulfilled, the wattmeter's measurement of activity 
was coirect. The Author had rightly renSai'ked that, “if anv 
one ^ take a real instrument, designed with a little oare, and 
substitute the approximate values of M and 1. he will find that 
he has been straming at a gnat." He might have added “and 

Idon^^ ^ account the very difficult methods 

^conveniences arising from the action of that 
^at. The fact was that, with a judioiously-arranged wattmeter 
there was no difficulty whatever in rendering the eS-cw-due to the 

S rf ‘f **«. 0 ( ™ iaibu 

1 itSI Vftlu6 m ths ISlttQJP Oftfle Thatva ttraa* i 
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in the thiokncsea of the oonduotor. Ho would not enter into that 
Bubjeot, which would require very elaborate treatment ; but would 
merely say, that tho wattmeter ought in every case to have such 
an arrangemont of the thick conductor for carrying tho main 
conductor, that tho difference of distribution of the current, for 
different frequencies of altomation, should affect the result as 
little aa possible. There were ways of doing that which he 
had discuased with the Author many years ago, and he would 
not then enter into the question. He had pointed out that any 
such arrangemont was, after all, only an approximate elimi- 
nation of error; the degree to which it was eliminated could 
always be asoertained by experiment ; and at the worst, a watt- 
meter might require oorreotiou according to the frequency of the 
current for which it was used. 
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Elbcitbioal Tbaotion ok Railways. 

mrom Dibootsion of W. M. Mobdht and B. M Jknkin’s Papdr in 
Inxl Civ, Engrs. Proo Vol. oxirx. [Feb. 18, 1902], pp. 87 89.] 


LOED Kblvik, G.C.VO., remarked that he ^YOuld occupy 
much time if he were to refer to all he had been led to think of 
during the reading of the exceedingly interesting Paper, to which 
every one present had hstened with extreme interest and with a 
great deal of instruction. It was well known how much com- 
plexity there seemed to he in electric-traction systems, and yet, 
how, m some of the arrangements of polyphase, three-phase, two- 
phase, and smgle-phase currents, that which at first looked very 
implicated resolved itself into an exceedingly simple a,pparatus. 
The three-phase motor had had full justice done to it by the 
Authors. In regard to the great variety of appliances necessary 
to adapt it, on one system or another, to the conditions that 
had tb be observed on railways, the question of the object to be 


I H I ! 

{ I i ' 


secured was a complicated one. For short railways everything 
was comparatively simple; but for long railways, whether with 
few or with many stoppages, for central stations which had 
also to supply cross lines, it was impossible but that there 
must be a great complication of means for such a variety of 
ends. He was glad to see that the Authors boldly attacked the 
jwoblem of long lines. It was to be looked forward to without any 
^ tesy chimejihal' of^tiuiitfti as; to eleotrioal resouffoesj that m the 
i futurh.long lines would bejt^Orhed ejebtrfoally as successfully tp 
^.ghjo^' hhes? were ^|ked^, : Thsr6 were maDy wayS’’itl 

es|:TO^ ^ut Ibhg « hhes, asd. the. 
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in ApjH'iultx in. <tf tho Piijwr nml the diagrams illustrating it, 
thrttugh a aplondid niiiKu nf apparatus, the members were brought 
btuik tt> thu point from whieh ihey.started. To railways the sim- 
plicity with an nltiTiialing-current system, if practically achieved, 
wiiuhl certainly 1 k» a gnwt triumph. He would only ask for 
a little oonsitlomtiiui for the oontinuous-ourrent system. It had 
Ihji'H said that there was but one possibility, viz., constant voltage, 
whether alternating »r continuous current was used. That idea had 
been loarnwl long ago ; but while it was being learned there had 
la*en tnuny who had thought of tho other system, the constant- 
current aysteni. Probably almcwt every practioal electrician would 
say that was quite impracticable, and out of the question, in regard 
to eU'ctric traction on railways. Still, he thought it was worthy 
of more oonsidemtion than it had obtained; and he suggested 


that after all tho oxtrome simplicity of constant continuous current 
in one insulated lino for the high-pressure circuit might possibly 
be found good for traction on long lines. That method hod been 
advocated long ago by Measra Siemens, and they had shown how 
it could be praotieed. It had been much better known and 
more in favour in some appli^Uons 16 years ago than it was 
now ; but ho would suggeet that the many acute, intelligent, and 
active minds ooaoerned with the enbjeot might be turned back 
upon eome of those old questians. It must not be imagmed, 
however, that he was putting it forward as a ripe praolaoai proposal. 
He was only euggaeting it as a eal^eot for refleotion, wit^t^ 
poeaible outoome of foiling back on the 
throughout, inatead of roewfy ia the 
liitened with much int«es* to ^e wggettiott-cf * 

■tattoo. On any eyiteoii eiw the then jwett 

■tattoos and ■ub-*tali«os, and there «m * oeMiaorahle 
oimsplexity. It was an totsmtbiff ^ 
distribotioni that the iub-statfcta udgitbe 
on a loooaiotlee se pJsasd 
i.etiu3nt the oafy wel 
the eaed 

of by the flta«efMBl tut 

auMHfo] h«a Um e^kW 
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not seem to him likely to be so, because things became great 
simplified when they were perfectly methodized. The idea of e 
electnc locomotive carrying the sub-station, although perhaps 
now looked no more practicable than the steam-engine on whee 
had looked to James Watt €ind his contemporaries, might yet 1: 
realized and found good, and he would watch its developmei 
with great interest. One thmg m the Paper which might surprii 
many was the voltage lost m the transmission of the retui 
current by iron rails He had been somewhat startled to he? 
how much loss there was owing to the fact of the currents n< 
passing equally through the whole material of the rail, but bein 
in some degree "'skm’' currents. A great deal was known aboi 
that effect in relation to copper conductors, and something i 
regard to iron conductors. A highly comphcated physical an 
mathematical problem was introduced by the magnetization < 
the iron itself, and the variation of that magnetization which wt 
essential to the canymg of an alternating current by an iro 
conductor. In conclusion, he considered the Paper was of gree 
practical importance, and he was sure he was expressing th 
feehngs of the members m thanking the Authors for their valuab] 
communication. 
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Transmission of Energy by Direct Current. 


[From Disoussion of Mr Hiootiiild’s Papbb in Inst, Elsct Engrs Jown. 
Vol xxxvin [March 7, 1907], pp. 602—604.] 


I HAVE listened with extreme interest to Mr Highfield'e 
paper , it is really one of the best scientific papers I have ever 
heard read. It has been so clear on every point that every one 
present has been thoroughly earned along with the author. 

For myself the subject is one of extreme interest. I have 
never swerved from the opinion that the right system for long* 
distance transmission of power by eleotnolty iS the direct-current 
system. I do not say a word in depreciation of the beauty of the 
polyphase idea, and of the development of that idea, especially 
in the 3-pha86 working. The gresrt coiivernence of the 3~pha8e 
system is well known to all; the ease w%b]i whjifii, by transfmmers 
with no moving part, an augmentation ^.d-n b® made from, let u^ 
say, 10,000 volts in the genera^tor ^ 30,pOQ, pr^^jO0|) 

volts in the transmission line 'iS 
In fact, it IS, I believe, grsftt |i 

transformer that has led to* Ihe 
ment of the altemating-cuirrent 
engmeermg. ■ i 


m smile 
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the direct-current system from complications of that 1 
remarkable. 


You all understand soniothing about square root 2 
Starting with that scientific fact, wo have this practical ' 
that 141 volts of direct current havo no more tendency 
sparks than 100 volts of alternating current. That, !■ 
statement that is generally understood. The 141 to 1^ 
all known as the merit in rospoot to voltage attainab! 
current, as compared with voltage attainable by 
current ; but now we hear from Mr Highfield that the 
IS far more than the ratio 141 to 1 00. Mr Highfield 
me, but my recollection is that he said it is more li 
than IJ to 1. The properties of matter concerned in t 
down of insulation, and the gradual heating up by the 
current till the insulation breaks, determine a result v 
was imexpected. Mr Highfield finds, in respect to i 
much greater advantage of the direct current over the! 
current than has been hitherto known to us. I think j 
say, as proved by the experiments which he has pulj 
that 80,000 volts direct current are more easily worked 1 
volts alternating current. i 


That is enough to prove the case for direct cun 
there are difficulties in the practical mainagement of di 
as compared with alternating current. But the difficu 
the other way ; the practical difficulties are in the it 
, t of alternating current , the ease (except in respect to t 
^ is ajl for the direct current. So that, not only hav' 

, , greater capacities for bearing high pressure, but very m 

I ; ^ ^ ease and convenience in practical working, when we 
i . ' diseOt current for, long-distance transmission. 


t ‘ 



J do 4 ot go so far as to say that the beautiful ay 
, ' ;are how worked out for distributing power over aom 
, ' *44tto5W would be better canti^d Isy dfriot (jorm* 
^ current j witii teg. 

'oldih^ ’^oWef-fcg^^i ^th^or^ ^■s^Moh‘ aie now wit' 
elseeptions founded 'o|i,’l^e ’«3'{teti^tiiig'«tiirrerit sysliett 
‘ i .(Rossihle that, da f ■ (Aaage< to/ dike 
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before us by Mr Highfield, begin to see that, even m the ordinary 
distribution of power by electncity at 20,000 or 30,000 volts, the 
advantages of the direct current will brmg it to pass sooner or 
later, that it may supersede the alternating current. 

I am reminded of a little prophetic conversational statement 
made by Lord Rayleigh a good many years ago. He rejoiced 
to see the use of alternating current coming m, Because, he 
said, the whole world will now learn the subtleties of electneal 
science, which they had no chance of learning before.*’ That 
prophecy has been fulfilled ‘"And,” he added, after that, they 
will come back to the continuous current.” I do not know that 
you will all agree with that anticipation, but you will, I am sure, 
all enthusiastically agree with Lord Rayleigh in rejoicmg that we 
have had this twenty years of alternating current, and of electneal 
science in its most interesting characters, including in fact wireless 
telegraphy, put before beginners in electrical science, as they now 
are in practical schools -of electricity 


1 
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APPENDIX.— ON THE AGE OF THE EARTH. 


(Of. pp. 205—230 supra, and previous papers.) 


Early in 1896 a discussion, including correspondence with 
vaiious physicists, was published by Prof. J. Perry* in which ho 
enforced the view that the arguments as to the age of the Earth, 
drawn by Lord Kelvin ftom the present value of the gradient of 
surface temperature m the rock strata, were not conclusive. In 
fact, taking the terrestrial conditions to be represented by a slab 
of unlimited thickness, initially all at a uniform temperature, say 
4000° C , and with one face thereafter kept at zero temperature, 
the theory of dimensions showed that if conductivity is increased 
m times and all lengths are increased n times, all tompemturos 
remain the same if the times are increased n“/in. times. It is 
true that the gradient of temperature at the surface will be 
altered 7i~‘ times , but that can be brought back again to the 
assigned value, with the same value of the surface temperature, 
by altering the conductivity and the thickness of an outer surftice 
stratum. With the increased conductivity inside the slab, the 
loss of heat will in the same time extend deeper into the slab ; 
but provided it does not penetrate sensibly to say the inner half 
of the radius, the size of the actual sphere which the slab repre- 
sents need not enter into the dimensional relations, all being 
nearly the same as if it were infinite. On the other hand, if the 
conductivity inside is very great, the limitation of size will sooner 
make itself felt, and the time may be shortened, Instead of 
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of r*K’k uf thickiU'HH 4> x 10“ cm., about 2J miles, superposed, 
I’lTry found frmu Fimrifr's Holution for a sphere that the dimen- 
sittnai cotitiitioriK above stated were sensibly satisfied, and that 
the time «»f eonliiiff to the present terrestrial surface gradient, 
tianu-ly I 'C'. in 2740 cm., would be as much as 98x10“ years. 
With k Hjuid to lOfi times and kje equal to 36 times the value 
for Hurface rock, and with a shell of rock of depth 3’272 x 10“ cm., 
about 20 mileK, the time would be 127 x 10* years. 

Thi* fidlowing letter from Lonl Kelvin comes at the end of 
this diacuHsion. 


Dear Psnity, 


The UNivERBiTr, (Jlasqow, 
Dacmber 13, 1894. 


Many thanks for sending me the printed copy of 
your letter to Larmor and the other papers, which I found 
waiting my arrival here on Saturday evening. I have been 
much intereeted in them and in the whole question that you 
raise, as to the effect of greater conductivity and greater 
thermal capacity in the interior. Your n* + m theorem is clearly 
right, and not limited to the cam of the uppu* stratum being 
infinitely thin. Twenty or thirty kilometres may be as good 
as infiaitaly thin fhr onr purpoaes. But your solution on, the 
SQppoaitkHi of an nppm* stratum of imttant thickness, haring 
smaller oooduotirity and onalkr ^ tharmal oapaoii^^ |i|4 
strata below it, is veiy &r from beisg itiil 'me 

mwe in which the qnaHtiea depend coq thh 
is a aubjeot for mathamatieal inTtatig^itiAnlsdiM^ ! 

intereeting in iteelf, quite inraqjieQtie^ ^ ' 

natural problem of Tu^cr|iQtmd , i t 



For the natand problesQi 


ih^4 Ifif ffi Pi 

B(fi>ert Weher’e reealtd <•& Im 




1 have written to Brafwkt 
•ep^ate copy of 

i^a time belbiw 1889^) qro p‘ 
^ mkt' ' 
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For all we know at present, however, I feel that we cannot 
assume as in any way probable the enormous differences of con- 
ductivity and thermal capacity at different depths which you 
take for your calculations. If you look at Section 11 of “Secular 
Cooling” {Math, and Phya. Papers, Vol. III. p. 800), you will 
see that I refer to the question of thermal conductivities and 
specific heats at high temperatures. I thought my range from 
20 millions to 400 millions was probably wide enough, but it is 
quite possible that I should have put the superior limit a good 
deal higher, perhaps 4000 instead of 400. 

The subject is intensely interesting ; in fact, I would rather 
know the date of the Gonaistentior Status than of the Norman 
Conquest , but it can bring no comfort in respect to demand for 
time in Palaeontological Geology. Helmholtz, Newcomb, and 
another, are mexorable in refusing sunlight for more than a score 
or a very few scores of million years of past time (see Popular 
Lectures cmd Addresses, Vol. i. p. 897). 

So far as underground heat alone is concerned you are quite 
right that my estimate was 100 millions, and please remark 
(P. L and A., Vol. ii. p. 87) that that is all Geikie wants , but 
I should be exceedingly fiightened to meet him now with only 
20 milhon jm my mouth. ' ■ 

And, lastly, don’t despise’ 8eouiatr| di|mAdti(jn of the earth’s 
moment of momentum. . The tiling is too obvious to every one 
who understands dynamics, 

‘ jj ^ ^ Yours always truly, 

Keltin. 

later* Lord Eelyin returns to the subject in a paper based 
on data for conductivities (cf. supra, p, 216) which had been 
' sent id hijn' from B. Weber, and On other estimates by Barns and 
) Cference Bang , aqd he sums up as follows : 

' ' “By the solutiote of<^ jC0ed-nn|iySiy phjblem to which I have 
ref^ed ' above, w^ ttlp- to tbo; melting 

as W ^d,b/ H^us, 


¥ 
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in a somewhat more complete manner than that adopted by 
Mr Clarence King, I am not led to differ much from his estimate 
of 24 million years. But, until we know somethmg more than 
we know at present as to the probable diminution, or still con- 
ceivably possible augmentation, of thermal conductivity with 
increasing temperature, it would be quite umnterestmg to publish 
any closer estimate.” Cf. supra, {). 216. 

Prof Perry wound up the discussion in a paper* in which he 
reviewed the whole of the evidence of this and other kinds 
regarding the age of the Earth, and concluded as follows 


*‘To sum up, we can find no pubhshed record of any lower 
maximum age of life on the earth as calculated by physicists 
(I leave out the estimates based Upon the assumption of uniform 
density in the sun, and also that of Mr Clarence King) than 400 
million years. From the three physical arguments, Lord Kelvin*s| 
higher limits are 1000, 400, and 600 million years, I haye^ 
shown that we have reasons for believing that the age, from all ^ 
three, may be very considerably under-estimated It is to be 
observed that if we exclude everythmg but the arguments from 
mere physics, the probable age of life on the earth is much less 
than any of the above estimates ; but if the palaeontologists have 
good reasons for demanding much greater times, I see nothing 
from the physicist’s point of view which denies them four tfaaes ^ 
the greatest of these estimates.^’ 

On Prof. Perry’s sngg^tidn the probleir^ of 
uniform sphere covered by a badly coniWing eir^f 



finds that in the exafriples by f ref. 

of the tune happens to , oe 
possible. 

Moro reoejtttly to 
mtiatS($ 

R. SptuU , 

.QouPl, b? oi ‘ 
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more slow than the temperature gradient downwards had previously 
indicatecL And similar considerations would give support to a 
large prolongation of the estimated life of the Sun^ for though 
his surface temperature, bemg dommated by radiation, is not 
greatly above what can be attamed by refracting materials m our 
electric furnaces, yet the rapid increase beneath the surface must 
carry the conditions beyond our ken, so that copious supplies of 
heat arising from chemical degradation of unknown types may be 
contmually arriving. 
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Crystalline structure 297, 838, 850 
Currents, alternating, dlfitrihu^on 
section 489 ; economy of 4|6^ 
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rent 482, 488 

,, discharge, heat of 860, oscil- 
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,, induction, Faraday’s law 488 ; 

in cable problem 487 
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Glacial epoch, changes of land levels 
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Granite, origin of 219 
Gravitation, corpuscles of Le Sage 64 
Gravity, spnng for measuring 181 

Ice, mtenor meltmg of 47 ; 'stratifloa- 
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Leyden, standard air 630 
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„ dip by mduotometer 898 , no- 
menclature 481 , measure- 
ment of susceptibility 608 
„ soreenmg 619 
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138 

Meteorological blockade 62 
Moon, history of the 249 
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unequally heated 8; general theory 
based on 24 

Nebula, gaseous X^, 282, 264 

Osmotic piressute 116 
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828; theory of ^6 ; 
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Power, electric transmission of 6o8 , 
advantages of continuous current 684, 
593 

Refngeration of air 124 
Besifltance, measurement of eleotiio 
869 , of galvanometer measured by 
itself 394 

Books, thermal conduction m hot 198 

Soreemng,. electrostatic, by gratings 606, 
619; magnetic 619 

Space, partition of, with minimum area 
297, homogeneous partition 888; m 
crystals 860 
Springs, ageing of 666 
Standardising, electric 408 
Steam ]et, dried by fluid fnotion 89 
Sun, fall of matter into, would disturb 
planets 188 

Sunrise, blue ray at 281 
Sun’s heat, age of 141 ; origin and 
amount 148, 191 , cooling 146 ; tempe- 
rature 147; origin 161 

Thermoaleotrio currents 869 
Thermometers, vapour pressure 77, 90 , 
viscosity of water 96 ; thermomagnetie 
97, cohstant pr^seure gas 99 

■phdei^grotnd temperature problems 175 
TJuits, ratio of electric, measured 469, 
478 

Uramum,estabhshes voltaic equilibrium 
across air 86 

Tapour pressure thermometry 77, 90 ; 

differential measurements of 118 
Tibratidns of solids, thermal dissipa- 
tion of 59 

'Viscosity of water, thermometry by 96 
Voltaic ^pbteniials, thermodynamics of 
29 ; ekj^riments 85 ; meaenrement of 
42f2, 488 ; established by radioactive 
einiesfona? of atoms 286 





